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To our wives and children 




Preface to the Third Edition 



The first two editions of this book, published in 1979 and in 1986, were well re- 
ceived by the scientific community. Translations into Italian, Japanese, and Rus- 
sian suggest that this book was regarded useful in many parts of the world. Mean- 
while, human genetics has seen dramatic developments, and the “molecular revo- 
lution” has attracted thousands of scientists, including many molecular biologists, 
to this field. About 3700 human genes have already been mapped to chromosomal 
sites. Many such genes have been cloned, and the various mutations causing dis- 
ease have been identified. Novel mutational mechanisms such as expanded trinu- 
cleotide repeats have been discovered in conditions such as Huntington’s disease 
and the fragile X syndrome of mental retardation. Gene action now can often be 
elucidated by studying the pathway from gene to phenotype following positional 
cloning rather than working in the opposite direction, as was customarily done be- 
fore the tools of “new genetics” were available. In an increasing number of genetic 
diseases, the pathogenic mechanisms have been elucidated with positive conse- 
quences for prevention and treatment. It therefore became necessary to rewrite al- 
most completely major portions of this book. 

These developments are now making genetics arguably the leading basic science 
for medicine, as well as a recognized medical speciality. But all these changes do 
not mean that the entire framework of human genetics had to be reconstructed. 
What we have witnessed during the two recent decades has not been what 
T. Kuhn would have called a “paradigm clash.” On the contrary - the existing ge- 
netic theory has proved to be so flexible that it could integrate all the new results, 
including novel mechanisms of nonmendelian inheritance (such as genomic im- 
printing), without running into major problems. We, therefore, were able to com- 
bine old and new concepts and results so as to present a comprehensive picture 
of modern human genetics. 

The two of us have seen - and have actively participated in - these fascinating sci- 
entific developments over more than 40 years. This experience has been an un- 
usual intellectual privilege and has helped us to stress continuity where younger 
colleagues might have seen a completely new beginning. The attempt by two au- 
thors to deal with the entire field of human genetics might be considered auda- 
cious or even foolhardy. Yet, we have undertaken this arduous task to articulate a 
cohesive exposition of our field. 

Many colleagues helped by discussing parts of this book and making useful sug- 
gestions. In the following, we shall mention some names but we are sure that these 
are not all who have helped us by their criticism and suggestions: W. Buselmaier, 
M. and T.Cremer, C. Epstein, Ch. Fischer, U.Francke, S.Gartler, W. Hager, A.Jauch, 
J. Kruger, R Propping, G.Rappold, B.Royer-Pokora, T. M. Schroeder-Kurth, O.Stein- 
lein, P. Vogt. We owe a particular note of thanks to Dr. Peter Newell (University of 
Washington) for his meticulous reading of the 2nd edition of this book and his 
many suggestions, which helped us to clarify various statements and concepts. 
After discussion with the publisher - mainly R. Lange - we also changed some as- 
pects of the layout and organization. Subdivision of the material into many more 
chapters and citing the literature immediately after each chapter (and not at the 
end of the book) should facilitate reading. The new figures were drawn by Edda 
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Schalt und Christine Schreiber. T. Barton did an excellent job of copy editing. R Vo- 
gel thanks the Center for Advanced Study in the Behavioral Sciences, Stanford, for 
extending a second invitation to him for the academic year 1993/94. His stay was 
supported by a grant from the Volkswagen Foundation. Both authors wish to 
thank the Rector of the Institute for Advanced Studies (Wissenschaftskolleg) in 
Berlin for making it possible to spend some time together there for planning and 
working on this edition. 

The authors again would like to thank Springer- Verlag - especially D.Gotze, 
B. Lewerich, and R. Lange - for publishing this volume. 



Heidelberg, Seattle, Spring 1996 



Friedrich Vogel 
Arno G. Motulsky 



Preface to the First Edition 



Human genetics provides a theoretical framework for understanding the biology 
of the human species. It is a rapidly growing branch of science. New insights into 
the biochemical basis of heredity and the development of human cytogenetics in 
the 1950s heightened interest in this field. The number of research workers and 
clinicians who define themselves as full-time or part-time human and medical ge- 
neticists has increased sharply, and detailed well-founded knowledge has augmen- 
ted exponentially. Many scientists and physicians are confronted with genetic 
problems and use concepts and methodology of human genetics in research and 
diagnosis. Methods developed in many different fields of the biologic, chemical, 
medical, and statistical sciences are being utilized toward the solution of genetic 
problems. The increasing number and sophistication of well-defined and elegantly 
solved problems helps to refine an extensive framework of genetic theory. These 
new conceptual insights in their turn lead to solutions of new questions. To men- 
tion only one example, the structure of hemoglobin genes has been elucidated 
using methods derived from protein chemistry and DNA technology. It is an excit- 
ing experience to participate in these developments! 

Moreover, scientific progress in genetics has practical implications for human 
well-being. Improved knowledge of the genetic cause of an increasing number of 
human diseases helps to refine diagnosis, to find new therapeutic approaches, 
and above all, to prevent genetic diseases. So far, human genetics has had less of 
an impact on the behavioral and social sciences. It is possible that genetic differen- 
ces involved in shaping personality structure, cognitive faculties, and possibly hu- 
man social behavior may be at least as important as genetic variation affecting 
health and disease. The data, however, are less clear and more controversial. These 
problems are discussed in detail in the text. The rapid progress of human genetics 
in recent decades has attracted - and is still attracting - an increasing number of 
students and scientists from other fields. Various elementary textbooks, more ad- 
vanced monographs of various branches of the field, and the original journal lit- 
erature are the usual sources of introduction to human genetics. What seems to 
be lacking, however, is a fairly thorough and up-to-date treatise on the conceptual 
basis of the entire field of human genetics and its practical applications. Often, the 
absence of a broadly based background in the field leads to misunderstanding of 
its scope, unclear goals for research, improper selection of methods, and imbal- 
anced theoretical discussions. Human genetics is based on a powerful theory, but 
this implicit conceptual foundation should be made explicit. This goal is the pur- 
pose of this book. It certainly is a formidable and possibly even too audacious 
task for two sole authors. However, both of us have been active in the field for 
more than 25 years. We have worked on various problems and with a variety of 
methods. Since the early years of our careers, we have met occasionally, followed 
each other’s writings, and were often surprised by the similarity of our opinions 
and judgments despite quite different early medical and scientific backgrounds. 
Moreover, our knowledge of the literature turned out to be in part overlapping 
and in part complementary. Since we are working in different continents, AGM 
had a better knowledge of concepts and results in the USA, while FV knew more 
of the continental European literature. Moreover, both of us have extensive experi- 
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ence as editors of journals in human genetics and one (FV) published a fairly com- 
prehensive textbook in Germany some time ago {Lehrbuch der allgemeinen Hu- 
mangenetiky Springer 1961), parts of which were still useful for the new book. We 
finally decided to take the risk, and, by writing an “advanced” text, to expose our 
deficiencies of knowledge, shortcomings of understanding, and biases of judg- 
ment. 

A text endeavoring to expose the conceptual framework of human genetics cannot 
be dogmatic and has to be critical. Moreover, we could not confine ourselves to 
hard facts and well-proved statements. The cloud of conjectures and hypotheses 
surrounding a rapidly growing science had to be depicted. By doing so, we face 
the risk of being disproved by further results. 

A number of colleagues helped by reading parts of the manuscript on which they 
had expert knowledge and by making useful suggestions: W. Buselmaier, U. Ehling, 
G. Flatz, W. Fuhrmann, S. Gartler, Eloise Giblett, P. Propping, Laureen Resnick, and 
Traute M.Schroeder. They should not be held responsible for possible errors. 
J. Kruger was of supreme help in the statistical parts. Our secretaries, Mrs. Adel- 
heid Fengler and Mrs. Gabriele Bauer in Heidelberg, Mrs. Sylvia Waggoner in Seat- 
tle, and Mrs. Helena Smith in Stanford gave invaluable aid. The figures were drawn 
by Edda Schalt and Marianne Lebkiichner. Miriam Gallaher and Susan Peters did 
an expert job of copy editing. The authors are especially grateful to Dr. Heinz 
Gotze and Dr. Konrad F. Springer, of Springer Publishing Company, for the excel- 
lent production. The work could not have been achieved had the two authors not 
been invited to stay at the Center for Advanced Study in the Behavioral Sciences 
at Stanford (California) for the academic year of 1976/1977. The grant for AGM 
was kindly provided by the Kaiser Family Foundation, while the Spencer Founda- 
tion donated the grant for FV. 

The cover of this book shows the mythical first human couple, Adam and Eve, as 
imagined by Albrecht Diirer (1504). They present themselves in the full beauty of 
their bodies, ennobled by the genius and skill of a great artist. The drawing should 
remind us of the uniqueness and dignity of the human individual. Human genetics 
can help us to understand humanity better and to make human life happier. This 
science is a cardinal example of Alexander Pope’s statement. “The proper study of 
mankind is man.” 



Spring 1979 



Friedrich Vogel, Heidelberg 
Arno G.Motulsky, Seattle 
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Introduction 



No theory solves all the puzzles with which it is confronted at a given time, 
nor are the solutions already achieved often perfect. On the contrary, 

it is just the incompleteness and imperfection of the existing data-theory fit that, at any time, 
define many of the puzzles that characterize normal science. 

T.S.Kuhn, The Structure of Scientific Revolutions, 1962 



Human Genetics as Fundamental and Applied Sci- 
ence. Human genetics is both a fundamental and an 
applied science. As a fundamental science, it is part 
of genetics - the branch of science that examines the 
laws of storage, transmission, and realization of in- 
formation for development and function of living or- 
ganisms. Within this framework, human genetics 
concerns itself with the most interesting organism - 
the human being. This concern with our own species 
makes us scrutinize scientific results in human genet- 
ics not only for their theoretical significance but also 
for their practical value for human welfare. Thus, hu- 
man genetics is also an applied science. Its value for 
human welfare is bound to have repercussions for 
theoretical research as well, since it influences the se- 
lection of problems by human geneticists, their train- 
ing, and the financing of their research. Because of its 
continued theoretical and practical interest, human 
genetics offers fascination and human fulfillment un- 
paralleled by work in fields that are either primarily 
theoretical or entirely practical in subject matter. 

Science of Genetics. Genetics has become a mature sci- 
ence. It is based on a powerful and penetrating theory. 
The profundity of a theory depends on the depth of the 
problems that it sets out to solve and can be character- 
ized by three attributes: the occurrence of high-level 
constructs, the presence of a mechanism, and high ex- 
planatory power [2]. In genetics, the high-level “con- 
struct” is the gene as a unit of storage, transmission, 
and realization of information. Since the rediscovery 
of Mendel’s laws in 1900, genetic mechanisms have 
been worked out step by step to the molecular level - 
deciphering of the genetic code, analysis of transcrip- 
tion and translation, the function of gene- determined 
proteins, the fine structure of the genetic material, 
and DNA sequences outside of genes. The problems 
of regulation of gene activity in the development and 
function of organisms are currently a principal goal 
of fundamental research. So far, the explanatory power 
of the theory has not nearly been exhausted. 

How Does a Science Develop? Kuhn (1962) [9] de- 
scribed the historical development of a science as fol- 
lows: In the early, protoscientific stage, there is sub- 



stantial competition among various attempts at theo- 
retical foundation and empirical verification. Basic 
observations suggest a set of problems that, however, 
is not yet visualized clearly. Then, one “paradigm” 
unifies a group within the scientific community in 
the pursuit of a common goal, at the same time 
bringing into sharper focus one or a few aspects of 
the problem field, and suggesting a way for their so- 
lution. If the paradigm turns out to be successful, it 
is accepted by an increasing part of the scientific 
community, which now works under its guidance, ex- 
ploring its possibilities, extending its range of appli- 
cation, and developing it into a scientific theory. 

This concept of a paradigm has three main connota- 
tions: 

1. It points to a piece of scientific work that serves as 
an “exemplar,” suggesting ways in which a certain 
problem should be approached. 

2. It delimits a group of scientists who try to explore 
this approach, expand its applicability, deepen its 
theoretical basis by exploration of basic mechan- 
isms, and enhance its explanatory power. 

3. Finally, while an elaborate theory must not - and, 
in most cases, does not - exist when a paradigm 
is initiated, its germ is already there, and a success- 
ful paradigm culminates in the elaboration of this 
theory. 

This process of developing a science within the 
framework of a paradigm has been described by 
Kuhn as “normal science.” The basic theory is taken 
increasingly for granted. It would be sterile at this 
stage to doubt and reexamine its very cornerstones; 
instead, it is applied to a variety of problems, expand- 
ed in a way that is comparable to puzzle solving. 
From time to time, however, results occur that, at 
first glance, defy explanation. First, this leads to at- 
tempts at accommodating such results within the the- 
oretical framework by additional ad hoc hypotheses. 
These attempts are often successful; sometimes, how- 
ever, they fail. If in such a situation an alternative 
paradigm is brought forward that explains most of 
the phenomena accounted for by the old theory as 
well as the new, hitherto unexplained phenomena, a 
scientific “revolution” may occur. The new paradigm 
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gains support from an increasing majority of the sci- 
entific community, it soon develops into a new - 
more explanatory - theory, and the process of normal 
science begins anew. 

This portrayal of scientific development has been cri- 
ticized by some philosophers of science [lo]. The 
concept of “normal” science as outlined above does 
not appeal to some theorists. Working within the 
framework of a given set of concepts has been de- 
nounced as dull, boring, and in any case not as sci- 
ence should be. According to these philosophers, sci- 
entists ought to live in a state of permanent revolu- 
tion, constantly questioning the basic foundations of 
their field, always eager to put them to critical tests 
and, if possible, to refute them [14-17]. Many scien- 
tists actively involved in research, on the other hand, 
have readily accepted Kuhn’s view; he has apparently 
helped them to recognize some important aspects in 
the development of their own fields. 

Central Theory of Genetics Looked at as a Paradigm. 
While Kuhn’s concepts were developed on the basis 
of the history of the physical sciences, his description 
well fits the development of genetics. Up to the sec- 
ond half of the nineteenth century, the phenomena 
of heredity eluded analysis. Obviously, children were 
sometimes - but by no means always - similar to 
their parents; some diseases were shown to run in fa- 
milies; it was possible to improve crops and domestic 
animals by selective breeding. Even low-level laws 
were discovered, for example Nasse’s law that hemo- 
philia affects only boys but is transmitted by their 
mothers and sisters (Sect. 4.1.4). However, a convin- 
cing overall theory was missing, and attempts at 
developing such at theory were unsuccessful. In this 
situation, Mendel, in his work Versuche iiber Pflan- 
zenhybriden (1865) [11] first improved a procedure; 
he complemented the breeding experiment by count- 
ing the offspring. He then interpreted the results in 
terms of the random combination of basic units; by 
assuming these basic units, he founded the gene con- 
cept - the nuclear concept underlying genetic theory 
(Sect. 1.4). 

Since the rediscovery of his work in 1900, Mendel’s 
insight has served as a paradigm in all three connota- 
tions: it provided an exemplar as to how breeding ex- 
periments should be designed and evaluated, it resul- 
ted in the establishment of a scientific community of 
geneticists, and it led to the development of a deep 
and fertile scientific theory. A special problem that 
has not been answered satisfactorily, in our opinion, 
concerns the question of why acceptance of Mendel’s 
paradigm had to wait for as long as 35 years after 
these experiments were published. It would be too 
simplistic to blame academic arrogance and short- 
sightedness of contemporary biologists who did not 



want to accept the work of a “nonacademic” outsider, 
even if this factor may indeed have been one of the 
components for this neglect. We believe rather that 
the many new biological discoveries in the 35 years 
following Mendel’s discovery were of such a revolu- 
tionary nature as to qualify as a scientific crisis in 
the Kuhnian sense and therefore required a complete- 
ly new approach. 

Soon after the rediscovery of Mendel’s laws in 1900, 
however, an initially small, but quickly growing 
group of scientists gathered who developed genetics 
in an interplay between theory and experiment and 
launched the major scientific revolution of the twen- 
tieth century in the field of biology. 

Human Genetics and the Genetic Revolution. Mean- 
while, the biological revolution of the nineteenth cen- 
tury - evolutionary theory - had been accepted by 
the scientific community. One major consequence 
was the realization that human beings had evolved 
from other, more “primitive” primates, that humans 
are part of the animal kingdom, and that the laws of 
heredity which had been found to apply for all other 
living beings are also valid for our species. Hence, 
Mendel’s laws were soon applied to traits that were 
found in human pedigrees - primarily hereditary 
anomalies and diseases. Analyzing the mode of in- 
heritance of alcaptonuria - a recessive disease - Gar- 
rod (1902) [6] clearly recognized the cardinal princi- 
ple of gene action: genetic factors specify chemical 
reactions (Sect. 1.5). This insight also required 
30 years before being incorporated into the body of 
“normal” science. 

Elucidation of inheritance in humans did not begin 
with Mendel’s paradigm. Many relevant observations 
had been reported before, especially on various disea- 
ses. Moreover, another paradigm had been founded 
by F.Galton in his work on Hereditary Talent and 
Character (1865) [5] and in later works: to derive con- 
clusions as to inheritance of certain traits such as 
high performance, intelligence, and stature, one 
should measure these traits as accurately as possible 
and then compare the measurements between indivi- 
duals of known degree of relationship (for example, 
parents and children, sibs, or twins) using statistical 
methods. This approach did not contain the potential 
for elucidating the mechanisms of heredity. On the 
other hand, it seemed to be much more generally ap- 
plicable to human characteristics than Mendelian 
analysis; predigree analysis in terms of Mendel’s laws 
was hampered by the fact that most human traits 
simply could not be classified as alternate character- 
istics, as could round and shrunken peas. Human 
characteristics are usually graded and show no alter- 
native distribution in the population. Moreover, the 
phenotypes are obviously determined not only by 
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the genetic constitution but by external, environmen- 
tal influences as well - the result of an interaction be- 
tween “nature and nurture” (Galton). Therefore, na- 
ive attempts at applying Mendel’s laws to such traits 
were doomed to failure. For traits that are regarded 
as important, such as intelligence and personality, 
but also for many diseases and mental retardation, 
there was only the choice between research along 
the lines suggested by Galton or no research at all. In- 
vestigations on genetic mechanisms would have to 
await elucidations of the genetics of other, more ac- 
cessible organisms. Under these circumstances, sci- 
entists chose to follow Galton. This choice had not 
only theoretical reasons; it was strongly influenced 
by the desire to help individuals and families by cal- 
culating risk figures for certain diseases, thereby 
creating a sound basis for genetic counseling. More 
important, however, was the concern of some scien- 
tists about the biological future of the human species, 
which they saw threatened by deterioration due to re- 
laxation of natural selection. The motives for their re- 
search were largely eugenic: it seemed to provide a 
rational foundation for measures to curb reproduc- 
tion of certain groups who were at high risk of being 
diseased or otherwise unfit. 

History of Human Genetics: A Contest Between Two 
Paradigms. The two paradigms - Mendel’s gene con- 
cept and Gabon’s biometric approach - have devel- 
oped side by side from 1900 up to the present; many 
present-day controversies, especially in the field of 
behavior genetics but also those concerning strate- 
gies in the genetic elucidation of common diseases, 
are immediately understandable when the history of 
human genetics is conceived as a contest between 
these two paradigms. This does not mean that the 
two paradigms are mutually exclusive; in fact, corre- 
lations between relatives as demonstrated by biomet- 
ric analysis were interpreted in terms of gene action 
by Fisher in 1918 [4]. Some human geneticists have 
worked during some part of their career within the 
framework of the one paradigm, and during another 
within the framework of the other paradigm. By and 
large, however, the two streams of research have few 
interconnections and may even become further polar- 
ized because of highly specialized training for each 
group, epitomized by the biochemical and molecular 
genetic laboratories for the one and the computer 
for the other group. 

In the first decades of this century the biometric 
paradigm of Galton appeared to be very successful. 
Genetic variability within the human population was 
believed to be established for normal traits such as 
stature or intelligence as well as for a wide variety of 
pathologic conditions such as mental deficiency and 
psychosis, epilepsy, and common diseases such as 



diabetes, allergies, and even tuberculosis. Mendelian 
analysis, on the other hand, seemed to be confined 
to rare hereditary diseases; the ever repeated attempts 
at expanding Mendelian explanation into the fields of 
normal, physical characteristics and common disea- 
ses were usually undertaken without critical assess- 
ment of the inescapable limitations of Mendelian 
analysis. The first major breakthrough of Mendelian 
genetics was the establishment of the three-allele hy- 
pothesis for the ABO blood groups by Bernstein in 
the 1920 s [1] (Sect. 4.2.2). Further progress, however, 
had to await the development of genetic theory by 
work on other organisms such as Drosophilay bacter- 
ia, and viruses, especially bacteriophages. 

The advent of molecular biology in the late 1940 s and 
1950 s had a strong influence on human genetics and, 
indeed, brought the final breakthrough of Mendel’s 
paradigm. A major landmark was the discovery by 
Pauling et al. in 1949 [13] that sickle cell anemia is 
caused by an abnormal hemoglobin molecule. 

The foundation of human chromosome research in 
the late 1950 s and early 1960 s (Sect. 2.1) came as a 
second, important step. At present, most investiga- 
tions in human genetics have become a part of main- 
stream research within the framework of genetic the- 
ory. The human species, regarded by most early ex- 
perimental geneticists as a poor tool for genetic re- 
search, is now displaying definite advantages for at- 
tacking basic problems. Some of these advantages 
are the large size of available populations, the great 
number and variety of known mutants and chromo- 
some anomalies, and the unparalleled detailed 
knowledge of human physiology and biochemistry 
in health and disease. The elucidation of human gen- 
ome structure in the near future will further facilitate 
both basic and applied research in human genetics. 
One would expect that such breakthroughs have led 
to the establishment of Mendel’s paradigm as the 
only leading paradigm in human genetics. This, how- 
ever, is not the case. In spite of the fact that genetic 
theory is now pervading many fields that seemed to 
be closed to it only a short time ago, the paradigm 
of Galton - biometric analysis - has attained an un- 
surpassed level of formal sophistication over the 
past 10-25 years. The availability of computers has 
greatly facilitated the development and application 
of biometric techniques. Moreover, in some fields, 
such as behavior genetics, the application of genetic 
theory - Mendel’s paradigm - is still hampered by se- 
vere difficulties (Chap. 15), and here biometric meth- 
ods have dominated for a long time. In the same field, 
however, they are most severely criticized. 

Progress in Human Genetics and Practical Applica- 
tion. The achievements of molecular biology and 
chromosome research have not only altered human 
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genetics as a pure science, but have also brought 
marked progress in its application for human welfare. 
At the beginning, this progress did not appear very 
conspicuous; the diagnosis of hereditary diseases 
was improved, and many, hitherto unexplained mal- 
formations were accounted for by chromosome aber- 
rations. The first practical success came in the early 
1950 s when the knowledge of enzyme defects in phe- 
nylketonuria (Sect. 72.2.9) and galactosemia led to 
succesful preventive therapy by a specific diet. How- 
ever, a breakthrough on a much larger scale was 
achieved when the methods of prenatal diagnosis for 
chromosome aberrations and for some metabolic de- 
fects were introduced in the late 1960 s and early 
1970 s (Sect. 18.2). Suddenly, genetic counseling could 
now be based not only on probability statements 
but, in an increasing number of cases, on certainty 
of individual diagnoses. This scientific development 
coincided with a growing awareness in large parts of 
the human population that unlimited human repro- 
duction must not be accepted as a natural law but 
can - and should - be regulated in a rational way. In- 
troduction of oral contraceptive agents signaled this 
awareness. The chance to avoid the births of severely 
handicapped children is now accepted by a rapidly 
increasing proportion of the population. At the same 
time, better knowledge of pathophysiological path- 
ways is improving the chances for individual therapy 
of hereditary diseases, including the promise somatic 
gene therapy by introduction of genes into cells of 
functional tissues (see Sect. 19.1). Applications of hu- 
man genetics as a practical tool to prevent suffering 
and disease have found wide resonance and have 
now one of the most rewarding approaches in pre- 
ventive medicine. In many countries, the politically 
responsible bodies have already created, or are now 
creating the institutions for widespread application 
of the new tools. 

Ejfects of Practical Applications on Research. These 
practical applications have led to a marked increase 
in the number of research workers and the amount 
of work within the past 20-30 years. From the begin- 
ning of the twentieth century up to the early 1950 s, 
human genetics had been the interest of a mere hand- 
ful of scientists for most of whom it was not even a 
full-time occupation. Many of the pioneers were 
trained and worked much of their lifetime as physi- 
cians in special fields of medicine, such as Waarden- 
burg and Franceschetti in ophthalmology, and Sie- 
mens in dermatology. Others were interested in theo- 
retical problems of population genetics and evolution 
and chose problems in human genetics as the field of 
application for their theoretical concepts, most nota- 
bly J. B. S. Haldane and R. A. Fisher. Still others had 
their point of departure in physical anthropology. 



This heterogenous group of scientists did not form a 
coherent scientific community. For a long time, there 
was almost no formal infrastructure for the develop- 
ment of a scientific specialty. There were almost no 
special departments, journals, and international con- 
ferences. This lack of focus resulted in a marked het- 
erogeneity in quality and content of scientific contri- 
butions. 

All this has changed. There are now departments and 
units of human and medical genetics in many coun- 
tries; universities and medical schools have intro- 
duced special curricula, many journals and other 
publications exist, and numerous congresses and 
conferences are being held. The overall impression is 
that of an active and vigorous field which is growing 
exponentially. 

Dangers of Widespread Practical Application for Sci- 
entific Development. This development, however, sa- 
tisfactory as it is, has also a number of potentially 
undesirable consequences: 

a) Research is promoted primarily in the fields of 
immediate practical usefulness related to heredi- 
tary diseases; fields of less immediate practical 
importance may be neglected. 

b) In the past, the contact with fundamental research 
in molecular genetics and cell biology was not in- 
tensive enough. This may have led to a slowdown 
in the transfer of scientific concepts and experi- 
mental approaches from these fields. Fortunately, 
this has changed recently with the advent of re- 
combinant DNA techniques. It is remarkable to- 
day how fast some results of basic research are 
being transferred into practical application. 

c) Areas of great importance for our understanding of 
human evolution (and possibly of human history), 
as well as for the functioning of human society 
and its institutions, are neglected if mainstream re- 
search in human genetics is directed exclusively to 
medical problems. Population, evolutionary genet- 
ics, on the one hand, and behavior genetics, on the 
other, are the two branches that suffer most. If 
these fields were to be excluded from mainstream 
research in human genetics, they will all too easily 
lose meaningful contact with human biology. 

d) Much medical research applies established meth- 
ods to answer straightforward questions. Many 
studies collect data with new techniques. Indivi- 
dual results are often not of great import, but the 
ensemble of such data are the essential building 
blocks for the future progress of normal science. 
Much of such work is being carried out in human 
and medical genetics and is quite essential for 
many medical and anthropological applications. 
However, there is continued need in human genet- 
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ics to develop testable hypotheses and try to test 
their consequences from all viewpoints. 

Human geneticists must not neglect the further de- 
velopment of genetic theory. Basic research is needed 
in fields in which the immediate practical application 
of results is not possible but might in the long run be 
at least as important for the future of the human spe- 
cies as current applications in diagnostic and preven- 
tive medicine. 

Advantages of Practical Application for Research. The 
needs of medical diagnosis and counseling have also 
given strong incentives to basic research. Many phe- 
nomena that basic research tries to explain would 
simply be unknown had they not been uncovered by 
study of diseases. We would be ignorant regarding 
the role of sex chromosomes in sex determination 
had there not been patients with sex chromosomal 
anomalies. Phenomena such as spontaneously en- 
hanced chromosome instability in Fanconi’s anemia 
or Bloom’s syndrome with all its consequences for so- 
matic mutation and cancer formation (Chap.io) were 
discovered accidentally in the process of examining 
certain patients for diagnostic reasons. Genetic analy- 
sis of the “supergene” determining the major histo- 
compatibility complex in humans contributes much 
to our fundamental understanding of how the genetic 
material above the level of a single gene locus is 
structured, and how the high genetic variability with- 
in the human population can be maintained 
(Sect. 5.2.5). However, research in this field would cer- 
tainly be much less active had there not been the in- 
centive of improving the chances of organ transplan- 
tation. 

Whether we like it or not, society pays increasing 
amounts of money for research in human genetics 
because we want to have practical benefits. Hence, to 
promote basic research, we must promote widespread 
practical applications. To guarantee progress in prac- 
tical application for the future as well - and not only 
in the field of medicine - basic research needs to be 
supported. This is also the only way to attract good 
research workers and to maintain - or even improve 
- scientific standards. This paradox creates priority 
problems for all those concerned with research plan- 
ning. 

Human Genetics and the Sociology of Science. The 
discussion above should have demonstrated that hu- 
man genetics - as all other sciences - has not devel- 
oped in a sociological vacuum, following only the in- 
herent logical laws of growth of theory and experi- 
mental testing. Human genetics is the work of social 
groups of human beings who are subject to the laws 
of group psychology and are influenced by the socie- 



ty at large in their attitudes toward research and their 
selection of problems. Unfortunately, sociological in- 
vestigations of group formation and structure in hu- 
man genetics have not been carried out. Another 
group active in the foundation of molecular biology, 
that which introduced the bacteriophages of Escheri- 
chia coli into the analysis of genetic information, has 
been studied extensively [3]. We know from this and 
from other examples that, during a phase in which a 
new paradigm is being founded, the group that 
shares this paradigm establishes close within-group 
contacts. The normal channels of information ex- 
change such as scientific journals and congresses are 
superseded by more informal information transfer 
through telephone calls, e-mail communications, pre- 
prints, and personal visits. Within the group, influen- 
tial personalities serve as intellectual and/or organi- 
zational leaders. Outside contacts, on the other 
hand, are often loose. When the acute phase of the 
scientific revolution is over, the bonds within the 
group are loosened, and information is again ex- 
changed largely by normal channels of publication. 
Similar developments can be observed in the field of 
human genetics. In Sect. 2.1 we shall sketch the group 
structure of the British chromosome workers in the 
late 1950 s when the first human chromosome aberra- 
tions were discovered and clinical cytogenetics was 
founded. Other examples are the groups active in the 
elucidation of the major histocompatibility complex 
(Sect. 5.2.5) and in the assignment of gene loci to 
chromosome segments. (Sect. 5.1). 

Of similar influence on population genetics has been 
the first “big science” research project in human ge- 
netics - the Atomic Bomb Casualty Commission 
(ABCC, now the Radiation Effects Research Founda- 
tion, RERF) project that was launched in the late 
1940 s in Japan by American and Japanese research 
workers to examine the genetic consequences of 
the atomic bombs in Hiroshima and Nagasaki 
(Sect. 11.1.4). In later years, this project led, for exam- 
ple, to comprehensive studies of the genetic effects of 
parental consanguinity. The second endeavor of this 
type is the “Human Genome Project” - the attempt 
at analyzing and sequencing the entire human gen- 
ome by coordinated international cooperation (see 
Sect. 18.4). 

Many, if not most of the more interesting develop- 
ments in the field were not initiated by investigators 
who would declare themselves human geneticists, or 
who worked in human genetics departments. They 
were launched by research workers from other fields 
such as general cytogenetics, cell biology, molecular 
biology, biochemistry, and immunology, but also 
from clinical specialities such as pediatrics, hematol- 
ogy, ophthalmology, and psychiatry. A common 
theme running through many recent developments 
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has been the application of nongenetic techniques 
from many different fields such as biochemistry and 
immunology to genetic concepts. On the other hand, 
techniques originally developed for solving genetic 
problems, especially for molecular studies of DNA, 
are being introduced at a rapidly increasing rate into 
other fields of research, for example in both medical 
research and practical medicine. In fact, most recent 
progress in human genetics comes from such inter- 
disciplinary approaches. The number of research 
workers in the field has increased rapidly. Most did 
not start as human geneticists but as molecular biolo- 
gists, medical specialists, biochemists, statisticians, 
general cytogeneticists, etc. They were drawn into 
human genetics in the course of their research. This 
very variety of backgrounds makes discussions 
among human geneticists stimulating and is one of 
the intellectual assets of the present state of our field. 
However, such diversity is also a liability as it may 
lead to an overrating of one’s small specialty at the 
expense of a loss of an overview of the whole field 
[7 a]. With increasing complexity of research meth- 
ods, specialization within human genetics has be- 
come inevitable. However, this brings with it the dan- 
ger that the outlook of the scientist narrows, whole 
fields are neglected, and promising research opportu- 
nities remain unexploited. 

Human Genetics in Relation to Other Fields of Science 
and Medicine. The rapid development of human ge- 
netics during recent decades has created many inter- 
actions with other fields of science and medicine. 
Apart from general and molecular genetics and cyto- 
genetics, these interactions are especially close with 
cell biology, biochemistry, immunology, and - with 
many clinical specialties. Until recently, on the other 
hand, there have been few if any connections with 
physiology. One reason for this failure to establish 
fruitful interactions may be a difference in the basic 
approach: genetic analysis attempts to trace the cau- 
ses of a trait to its most elementary components. Ge- 
neticists know in principle that the phenotype is pro- 
duced by a complex net of interactions between var- 
ious genes, but they are interested more in the com- 
ponents than in the exact mechanism of such interac- 
tions. At present, genetic analysis has reached the 
level of gene structure and the genetic code; a final 
goal would be to explain the properties of this code 
in terms of quantum physics. A malevolent observer 
might compare the geneticist with a man who, to un- 
derstand a book, burns it and analyzes the ashes 
chemically. 

The physiologist, on the other hand, tries to read the 
book. However, he often presupposes that every copy 
of the book should be exactly identical; variation is 
regarded as a nuisance. To put it differently, physiolo- 



gy is concerned not with the elements themselves but 
with their mode of interaction in complicated func- 
tional systems (see Mohr [12]). Physiologists are 
more concerned with the integration of interacting 
systems than with the analysis of their components. 
The analysis of regulation of gene activities by feed- 
back mechanisms, for example, the Jacob-Monod 
model in bacteria, and some approaches in develop- 
mental genetics of higher organisms have taught ge- 
neticists the usefulness of thinking in terms of sys- 
tems. On the other hand, methods for molecular ana- 
lysis of DNA have been introduced into physiology at 
an increasing scale. Genes for receptors and their 
components, for example for neurotransmitters, and 
genes for channel proteins are being localized in the 
genome and analyzed at the molecular level. Hence, 
the gulf between physiology and genetics is now 
being bridged. With the increasing interest of human 
genticists in the genetic basis of common diseases 
and individual genetic variation in response to influ- 
ences such as nutrition and stress, genetic concepts 
are increasingly influencing the many branches of 
medicine that, in the past, have profited relatively lit- 
tle from genetic theory. Molecular biology is develop- 
ing increasingly into a common basis for many bran- 
ches of science, and most biomedical scientists are 
nowadays becoming better acquainted with the prin- 
ciples of genetics. A field of molecular medicine is 
emerging. 

Future of Human Genetics. Research methods in sci- 
ence are becoming increasingly complicated and ex- 
pensive, and human genetics is no exception. As a ne- 
cessary consequence, mastering of these methods in- 
creasingly requires specialization in a narrow field. 
Purchase of big instruments creates financial difficul- 
ties. Hence, selection of research problems is often di- 
rected not by the intrinsic scientific interest of the 
problems or the conviction that they could, in princi- 
ple, be solved, but by the availability of research meth- 
ods, skilled coworkers, and instruments. The tendency 
toward specialization will inevitably continue, and it is 
possible that, in this process, important parts of hu- 
man genetics will be resolved into fields that are main- 
ly defined by research methods, such as biochemistry, 
chromosome research, immunology, or molecular 
biology (see 7a). Already now, prenatal diagnosis - in- 
cluding cell culture and chromosome determination - 
has occasionally become the domain of the obstetri- 
cian; hereditary metabolic diseases are often studied 
and treated by pediatricians with little genetic train- 
ing. 

Survival of an established field of science has no va- 
lue in itself. If a field dies because its concepts and 
accomplishments have been accepted and are being 
successfully integrated into other fields, little is lost. 
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In human genetics, however, this state has not been 
reached. Many concepts of molecular biology, often 
in combination with “classical” methods such as link- 
age analysis, are now being applied to humans. Since 
psychiatric genetics and genetic analysis of variation 
in function of sensory organs are already being stu- 
died in this manner, we predict that ultimately, when 
our understanding of behavioral genetics reaches 
the level of gene action in the neurosciences, we 
may even expect an impact of genetics on the social 
sciences. 

Fields of Human and Medical Genetics. The field of 
human genetics is large, and its borders are indis- 
tinct. The development of different techniques and 
methods has led to the development of many fields 
of subspecialization. Many of these overlap and are 
not mutually exclusive. The field of human molecular 
genetics has its emphasis in the identification and 
analysis of genes at the DNA level. Methods such as 
DNA digestion by restriction endonucleases. South- 
ern blotting, and the polymerase chain reaction 
(PCR) are being applied. Human biochemical genetics 
deals with the biochemistry of nucleic acids, proteins, 
and enzymes in normal and mutant individuals. La- 
boratory methods of the biochemist are being used 
(chromatography; enzyme assays). Human cytogenet- 
ics deals with the study of human chromosomes in 
health and disease. Immuno genetics concerns itself 
largely with the genetics of blood groups, tissue anti- 
gens such as the HLA types, and other components of 
the immune system. Formal genetics studies segrega- 
tion and linkage relationships of Mendelian genes 
and investigates more complex types of inheritance 
by statistical techniques. 

Clinical genetics deals with diagnosis, prognosis, and 
to some extent treatment of various genetic diseases. 
Diagnosis requires knowledge of etiological heteroge- 
neity and acquaintance with many disease syn- 
dromes. Genetic counseling is an important area of 
clinical genetics and requires skills in diagnosis, risk 
assessment, and interpersonal communication. Popu- 
lation genetics deals with the behavior of genes in 
large groups and concerns the evolutionary forces of 
drift, migration, mutation, and selection in human 
populations. The structure and gene pool of human 
populations are studied by considering gene frequen- 
cies of marker genes. In recent years population ge- 
neticists have become interested in the epidemiology 
of complex genetic disease that require biometric 
techniques for their studies. Behavioral genetics is a 
science that studies the hereditary factors underlying 
behavior in health and disease. Behavior geneticists 
attempt to work out the genetic factors determining 
personality and cognitive skills in human beings. 
The genetics of mental retardation and various psy- 



chiatric diseases are also considered. The field of so- 
ciobiology tries to explain social behavior by using 
biological and evolutionary concepts. 

Somatic cell genetics is the branch of human genetics 
that studies the transmission of genes at the cellular 
level. Cell hybridization between different species 
has become an important tool for the cartography of 
human genes. Developmental genetics studies genetic 
mechanisms of normal and abnormal development. 
The field has started to expand recently under the in- 
fiuence of molecular methods, and with strong em- 
phasis on animal experimentation. Reproductive ge- 
netics is the branch of genetics that studies details of 
gamete and early embryo formation by genetic tech- 
niques. This area is closely related to reproductive 
physiology and is developing rapidly. Pharmacoge- 
netics deals with genetic factors governing the dispo- 
sal and kinetics of drugs in the organism. Special in- 
terest in human pharmacogenetics relates to adverse 
drug reactions. Ecogenetics is an extension of phar- 
macogenetics and deals with the role of genetic varia- 
bility affecting the response to environmental 
agents. 

Clinical genetics has grown very rapidly in recent 
years because of the many practical applications of 
diagnosis and counseling, intrauterine diagnosis, 
and screening for genetic disease. Most research in 
human genetics is currently carried out in clinical ge- 
netics, cytogenetics, molecular and biochemical ge- 
netics, somatic cell genetics, and immunogenetics 
under medical auspices. Research in formal and po- 
pulation genetics has benefited enormously from the 
general availability of the computer. 

Unsolved and Intriguing Problems. With the rapid in- 
crease in knowledge over recent years new and often 
unexpected problems have arisen. At a time when 
hereditary traits were defined by their modes of in- 
heritance, the relationship between genotype and 
phenotype appeared relatively simple. This straight- 
forward relationship seemed correct when some her- 
editary diseases were shown to be caused by enzyme 
defects, and when hemoglobin variants turned out to 
be due to amino acid replacements caused by base 
substitutions. With increasing knowledge of the hu- 
man genome, however, many hereditary traits with 
phenotypes that had been considered identical 
turned out to be heterogeneous. These were caused 
either by mutations in different genes or by different 
mutations within the same genes. However, even mu- 
tations that are identical by the strictest molecular 
criteria sometimes have striking phenotypic differen- 
ces. Analysis of such genotype-phenotype relation- 
ships by the study of genetic and environmental 
modifiers poses intriguing future problems in human 
genetics. 
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“Simple” Mendelism suggested that autosomal genes 
from the paternal and maternal sides contributed 
identically to the child’s phenotype. In most instan- 
ces this expectation was correct; exceptions were 
overlooked or set aside. More recently, however, we 
have learned that the contributions of the paternal 
and maternal genomes to the developing embryo 
may vary and can lead to different disease pheno- 
types depending on which parent transmitted the 
mutant gene or chromosome segment. The term 
“genomic imprinting” was coined to describe this 
phenomenon. Problems of “phenogenetics” were 
much discussed by geneticists in the first decades of 
the twentieth century [7] but were set aside later 
when mainstream research moved in other direc- 
tions. These problems are now returning with full 
force. They are not only of theoretical interest since 
their solution has practical consequences for the di- 
agnosis treatment, and prognosis of some genetic 
diseases. 

Possible Function of a Textbook. In his book on ""The 
Structure of Scientific Revolutions,'' Kuhn in 1962 [9] 
described the function of textbooks not very flatter- 
ingly: they are “pedagogic vehicles for the perpetua- 
tion of normal science” that create the impressions 
as if science would grow in a simple, cumulative 
manner. They tend to distort the true history of the 
field by only mentioning those contributions in the 
past that can be visualized as direct forerunners of 
present-day achievements. “They inevitably disguise 
not only the role but the very existence of . . . revolu- 
tions . . .” 

Below we shall proceed in the same way: we shall de- 
scribe present-day problems in human genetics as we 
see them. The result is a largely affirmative picture of 
normal science in a phase of rapid growth and suc- 
cess. Anomalies and discrepancies may exist, but we 
often do not identify them because we share the 
“blind spots” with most other members of our para- 
digm group. The “anticipation” phenomenon in dis- 
eases such as myotonic dystrophy is one example 
(Sect. 4.1.7). This disease tends to manifest more se- 
verely and earlier in life with each generation. Ob- 
viously, this observation did not appear not compati- 
ble with simple mendelism. Therefore, it was ex- 
plained away by sophisticated statistical arguments 
which we cited in earlier editions of this book. In 
the meantime, however, anticipation has been shown 
to be a real phenomenon, caused by a novel molecu- 
lar mechanism. What we can do is to alert the reader 
that human genetics, as all other branches of science, 
is by no way a completed and closed complex of theo- 
ry and results that only needs to be supplemented in 
a straightforward way and without major changes in 
conceptualization. Our field has not developed - and 



will not develop in the future - as a self-contained 
system. Rather, human genetics, as all other sciences, 
is an undertaking of human beings - social groups 
and single outsiders - who are motivated by a mix- 
ture of goals such as search for truth, ambition, de- 
sire to be acknowledged by one’s peer group, the 
urge to convince the society at large to allocate re- 
sources in their field - but also the wish to help peo- 
ple and to do something useful for human society. 
Therefore, we shall emphasize the history and devel- 
opment of problems and approaches. Occasionally, 
we shall ask the reader to step back, reflecting with 
us as to why a certain development occurred at the 
time it did, why another development did not occur 
earlier, or why a certain branch of human genetics 
did not take the direction that one would have expec- 
ted logically. Inevitably, this implies much more criti- 
cism than is usually found in textbooks. Such criti- 
cism will - at least partially - be subjective, reflecting 
the personal stance of the authors. Our goal is to con- 
vince the reader that a critical attitude improves one’s 
grasp of the problems and their possible solutions - 
it is not our intention to convince him that we are al- 
ways right. 

We would have liked to give more information on the 
ways in which sociological conditions within the field 
and - still more important - the developments in the 
society at large have influenced the development of 
human genetics, and the ways in which thinking on 
these problems has in turn influenced the societies. 
The eugenics movement in the United States and the 
Rassenhygiene ideology in Germany have had a 
strong - and sometimes devastating - influence on 
human beings as well as on the social structure of so- 
ciety at large. Too little systematic research has been 
carried out, however, to justify a more extended dis- 
cussion than that presented in Sect. 1.8 l8]. Much 
more historical research along these lines is all the 
more urgent, as many of the ethical problems - inher- 
ent, for example, in the sterilization laws of many 
countries during the first decades of the twentieth 
century - are now recurring with full force in connec- 
tion with prenatal diagnosis, selective abortion and 
the possibility of germinal gene therapy (Sects. 18.2, 
19.2). Scientists and physicians working in human ge- 
netics were actively involved in and sanctioned ethi- 
cally abhorrent measures in the past such as killing 
severely malformed newborns and mentally defec- 
tives in Nazi Germany - and how will future genera- 
tions judge our own activities? These are intriguing 
questions. They show the Janus face of human genet- 
ics: it is a fundamental science - guided by a fertile 
theory and full of fascinating problems. It is also an 
applied science, and its applications are bound to 
have a strong impact on society, leading to novel and 
difficult philosophical, social, and ethical problems. 
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<1 History of Human Genetics 



''Man is a history-making creature who can 
neither repeat his past nor leave it behind.” 

W.H. Auden (From: D.H. Lawrence) 



The history of human genetics is particularly inter- 
esting since, unlike in many other natural sciences, 
concepts of human genetics have often influenced so- 
cial and political events. At the same time, the devel- 
opment of human genetics as a science has been in- 
fluenced by various political forces. Human genetics 
because of its concern with the causes of human 
variability has found it difficult to either remain a 
pure science or one of strictly medical application. 
Current concerns regarding the heritability of IQ and 
the existence of inherited patterns of behavior again 
have brought the field into public view. A considera- 
tion of the history of human genetics with some at- 
tention to the interaction of the field with societal for- 
ces is therefore of interest. We will concentrate our at- 
tention on historical events of particular interest for 
human genetics and refer to landmarks in general ge- 
netics only insofar as they are essential for the under- 
standing of the evolution of human genetics. 



1.1 The Greeks 

Prescientific knowledge regarding inherited differen- 
ces between humans has probably existed since an- 
cient times. Early Greek physicians and philosophers 
not only reported such observations but also devel- 
oped some theoretical concepts and even proposed 
“eugenic” measures. 

In the texts that are commonly ascribed to Hippo- 
crates, the following sentence can be found: 

Of the semen, however, I assert that it is secreted by the 
whole body - by the solid as well as by the smooth parts, 
and by the entire humid matters of the body . . . The semen 
is produced by the whole body, healthy by healthy parts, 
sick by sick parts. Hence, when as a rule, baldheaded beget 
baldheaded, blue-eyed beget blue-eyed, and squinting, 
squinting; and when for other maladies, the same law pre- 
vails, what should hinder that longheaded are begotten by 
longheaded? 

This remarkable sentence not only contains observa- 
tions on the inheritance of normal and pathological 
traits but also a theory that explains inheritance on 
the assumption that the information carrier, the se- 



men, is produced by all parts of the body, healthy 
and sick. This theory became known later as the 
“pangenesis” theory. Anaxagoras, the Athenian philo- 
sopher (500-428 B.C.), had similar views: “. . . in the 
same semen are contained hairs, nails, veins, arteries, 
tendons, and their bones, albeit invisible as their par- 
ticles are so small. While growing, they gradually se- 
parate from each other.” Because, he said, “how could 
hair come out of non-hair, and flesh out of non- 
flesh?” (Fragment 10; see Capelle [9]). In his opinion, 
men produced the seed, women the breeding ground 
(Freeman, p.272). 

A comprehensive theory of inheritance was developed 
by Aristotle (see [3]). He also believed in a qualitative- 
ly different contribution by the male and the female 
principles to procreation. The male gives the impulse 
to movement whereas the female contributes the mat- 
ter, as the carpenter who constructs a bed out of 
wood. When the male impact is stronger, a son is 
born who, at the same time, is more like his father, 
when the female, a daughter, resembling the mother. 
This is the reason why sons are usually similar to their 
fathers and daughters are similar to their mothers. 
Barthelmess (1952; our translation) [3] writes: “Read- 
ing the texts from this culture, one gets the overall 
impression that the Greeks in their most mature 
minds came closer to the theoretical problems than 
to the phenomena of heredity.” Aristotle’s assertion 
even provides an early example of how observation 
can be misled by a preconceived theoretical concept. 
Sons are not more similar to their fathers, nor daugh- 
ters to their mothers. 

Plato, in the Statesman (Politikos), explained in detail 
the task of carefully selecting spouses to produce chil- 
dren who will develop into bodily and ethically emi- 
nent personalities. He wrote (Sect. 310; translation by 
Skemp 1952): 

They do not act on any sound or self-consistent principle. See 
how they pursue the immediate satisfaction of their desire by 
hailing with delight those who are like themselves and by dis- 
liking those who are different. Thus they assign far too great 
an importance to their own likes and dislikes. 

The moderate natures look for a partner like themselves, and 
so far as they can, they choose their wives from women of 
this quiet type. When they have daughters to bestow in mar- 
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riage, once again they look for this type of character in the 
prospective husband. The courageous class does just the 
same thing and looks for others of the same type. All this 
goes on, though both types should be doing exactly the op- 
posite . . . 

Because if a courageous character is reproduced for many 
generations without any admixture of the moderate type, 
the natural course of development is that at first it becomes 
superlatively powerful but in the end it breaks out into sheer 
fury and madness . . . 

But the character which is too full of modest reticence and 
untinged by valor and audacity, if reproduced after its kind 
for many generations, becomes too dull to respond to the 
challenges of life and in the end becomes quite incapable of 
acting at all. 

In the Republic, Plato not only requires for the 
“guards” (one of the highest categories in the social 
hierarchy of his utopia) that women should be com- 
mon property; children, should be educated publicly 
but the “best” of both sexes should beget children 
who are to be educated with care. The children of 
the “inferior,” on the other hand, are to be aban- 
doned (Politeia, 459 a ff.). Democritus, on the other 
hand, writes: “More people become able by exercise 
than by their natural predisposition.” Here (as in 
other places), the nature-nurture problem appears al- 
ready. 



1.2 Scientists Before Mendel and Gal ton 

The literature of the Middle Ages contains few allu- 
sions to heredity. The new attitude of looking at nat- 
ural phenomena from an empirical point of view cre- 
ated modern science and distinguishes modern hu- 
mans from those in earlier periods. This approach 
succeeded first in investigation of the inorganic 
world and only later in biology. In the work De Mor- 
tis Hereditariis by the Spanish physician Mercado 
(1605), the influence of Aristotle is still overwhelm- 
ing, but there are some hints of a beginning emanci- 
pation of reasoning. One example is his contention 
that both parents, not only the father, contribute a 
seed to the future child. Malpighi (1628-1694) pro- 
posed the hypothesis of “preformation,” which im- 
plies that in the ovum the whole organism is pre- 
formed in complete shape, only to grow later. Even 
after the discovery of sperm (Leeuwenhoek, van 
Ham and Hartsoeker, 1677), the preformation hy- 
pothesis was not abandoned altogether, but it was be- 
lieved by some that the individual is preformed in the 
sperm, only being nurtured by the mother. The long 
struggle between the “ovists” and the “spermatists” 
was brought to an end only when C. F. Wolff (1759) at- 
tacked both sides and stressed the necessity of fur- 
ther empirical research. Shortly thereafter experi- 



mental research on heredity in plants was carried 
out by Gaertner (1772-1850) and Koelreuter (1733- 
1806). Their work prepared the ground for MendeTs 
experiments [3]. 

The medical literature of the eighteenth and early 
nineteenth centuries contains reports showing that 
those capable of clear observation were able to recog- 
nize correctly some phenomena relating to the in- 
heritance of diseases. Maupertuis, for example, pub- 
lished in 1752 an account of a family with polydactyly 
in four generations and demonstrated that the trait 
could be equally transmitted by father or by mother. 
He further showed, by probability calculation, that 
chance alone could not account for the familial con- 
centration of the trait. Probably the most remarkable 
example, however, was Joseph Adams (1756-1818) (see 
[32]), a British doctor who, in 1814, published a book 
with the title A Treatise on the Supposed Hereditary 
Properties of Diseases, which sought to provide a ba- 
sis for genetic counseling. The following findings are 
remarkable: 

a) Adams differentiated clearly between congenital 
“familial” (i.e. recessive) and “hereditary” (i.e. 
dominant) conditions. 

b) He knew that in familial diseases the parents are 
frequently near relatives. 

c) Hereditary diseases need not be present at birth; 
they may manifest themselves at various ages. 

d) Some disease predispositions lead to a manifest 
disease only under the additional influence of en- 
vironmental factors. The progeny, however, is en- 
dangered even when the predisposed do not be- 
come ill themselves. 

e) Intrafamilial correlations as to age of onset of a 
disease can be used in genetic counseling. 

f) Clinically identical diseases may have different ge- 
netic bases. 

g) A higher frequency of familial diseases in isolated 
populations may be caused by inbreeding. 

h) Reproduction among persons with hereditary dis- 
eases is reduced. Hence, these diseases would dis- 
appear in the course of time, if they did not ap- 
pear from time to time among children of healthy 
parents (i.e., new mutations!). 

Adams’ attitude toward “negative” eugenic measures 
was critical. He proposed the establishment of regis- 
tries for families with inherited diseases. 

C. F. Nasse, a German professor of medicine, correctly 
recognized in 1820 one of the most important formal 
characteristics of the X-linked recessive mode of in- 
heritance in hemophilia and presented a typical com- 
prehensive pedigree. He wrote (our translation): 

All reports on families, in which a hereditary tendency to- 
wards bleeding was found, are in agreement that the bleeders 
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are persons of male sex only in every case. All are explicit on 
this point. The women from those families transmit this ten- 
dency from their fathers to their children, even when they 
are married to husbands from other families who are not af- 
flicted with this tendency. This tendency never manifests it- 
self in these women. . . . 

Nasse also observed that some of the sons of these 
women remain completely free of the bleeding ten- 
dency. 

The medical literature of the nineteenth century 
shows many more examples of observations and at- 
tempts to generalize and to find rules for the influ- 
ence of heredity on disease can be found. The once 
very influential concept of “degeneration” should be 
mentioned. Some features that older authors descri- 
bed as “signs of degeneration” in the external appear- 
ance of mentally deficient patients are now known to 
be characteristic of autosomal chromosomal aberra- 
tions or various types of X-linked mental retarda- 
tion. 

In the work of most of the nineteenth century au- 
thors, true facts and wrong concepts were inextric- 
ably mixed, and there were few if any criteria for get- 
ting at the truth. This state of affairs was typical for 
the plight of a science in its prescientific state. Hu- 
man genetics had no dominant paradigm. The field 
as a science was to start with two paradigms in 1865: 
biometry, which was introduced by Galton, and Men- 
delism, introduced by Mendel with his pea experi- 
ments. The biometric paradigm was influential in 
the early decades of the twentieth century, and many 
examples and explanations in this book utilize its 
framework. With the advent of molecular biology 
and insight into gene action, the pure biometric ap- 
proach in genetics is on the decline. Nevertheless, 
many new applications in behavioral or social genet- 
ics, where gene action cannot yet be studied, rely on 
this paradigm and its modern elaborations. The laws 
that Mendel derived from his experiments, on the 
other hand, have been of almost unlimited fruitful- 
ness and analytic power. The gene concept emerging 
from these experiments has become the central con- 
cept of all of genetics, including human genetics. Its 
possibilities have not been exhausted. 



1.3 Galton's Work 

In 1865, F. Galton published two short papers with the 
title “Hereditary Talent and Character”. He wrote 

[15]: 

The power of man over animal life, in producing whatever 
varieties of form he pleases, is enormously great. It would 
seem as though the physical structure of future generations 
was almost as plastic as clay, under the control of the bree- 



der’s will. It is my desire to show, more pointedly than - so 
far as I am aware - has been attempted before, that mental 
qualities are equally under control. 

A remarkable misapprehension appears to be current as to 
the fact of the transmission of talent by inheritance. It is 
commonly asserted that the children of eminent men are stu- 
pid; that, where great power of intellect seems to have been 
inherited, it has descended through the mother’s side; and 
that one son commonly runs away with the talent of the 
whole family. 

He then stresses how little we know about the laws of 
heredity in man and mentions some reasons, such as 
long generation time, that make this study very diffi- 
cult. However, he considers the conclusion to be justi- 
fied that physical features of humans are transmissi- 
ble because resemblances between parents and off- 
spring are obvious. Breeding experiments with ani- 
mals, however, had not been carried out at that time, 
and direct proof of hereditary transmission was 
therefore lacking even in animals. In humans, “we 
have . . . good reason to believe that every special ta- 
lent or character depends on a variety of obscure con- 
ditions, the analysis of which has never yet been ser- 
iously attempted.” For these reasons, he concluded 
that single observations must be misleading, and 
only a statistical approach can be adequate. 

Galton evaluated collections of biographies of out- 
standing men as to how frequently persons included 
in these works were related to each other. The figures 
were much higher than would be expected on the ba- 
sis of random distribution. 

Galton himself was fully aware of the obvious sources 
of error of such biological conclusions. He stressed 
that “when a parent has achieved great eminence, 
his son will be placed in a more favorable position 
for advancement, than if he had been the son of an 
ordinary person. Social position is an especially im- 
portant aid to success in statesmanship and general- 
ship . . . .” 

“In order to test the value of hereditary influence 
with greater precision, we should therefore extract 
from our biographical list the names of those that 
have achieved distinction in the more open fields of 
science and literature.” Here and in the law, which in 
his opinion was “the most open to fair competition,” 
he found an equally high percentage of close relatives 
reaching eminence. This was especially obvious with 
Lord Chancellors, the most distinguished lawyers of 
Great Britain. 

Galton concluded that high talent and eminent 
achievement are strongly influenced by heredity. 
Having stressed the social obstacles that inhibit mar- 
riage and reproduction of the talented and successful, 
he proceeded to describe a utopic society. 

In which a system of competitive examination for girls, as 
well as for youths, had been so developed as to embrace ev- 
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ery important quality of mind and body, and where a consid- 
erable sum was yearly allotted. ... to the endowment of such 
marriages as promised to yield children who would grow into 
eminent servants of the State. We may picture to ourselves an 
annual ceremony in that Utopia or Laputa, in which the Se- 
nior Trustee of the Endowment Fund would address ten 
deeply-blushing young men, all of twenty-five years old, in 
the following terms .... 

In short, they were informed that the commission of 
the endowment fund had found them to be the best, 
had selected for each of them a suitable mate, would 
give them a substantial dowry, and promised to pay 
for the education of their children. 

This short communication already shows human ge- 
netics as both a pure and an applied science: on the 
one hand, the introduction of statistical methods 
subjects general impressions to scientific scrutiny, 
thereby creating a new paradigm and turning pre- 
science into science. Later, Galton and his student 
K. Pearson proceeded along these lines and founded 
biometric genetics. On the other hand, however, the 
philosophical motive of scientific work in this field 
is clearly shown: the object of research is an impor- 
tant aspect of human behavior. The prime motive is 
the age-old “yvcod'L oeavxov'' (“know yourself,” in- 
scription on the Apollo temple at Delphi). 

Hence, with Galton, research in human genetics be- 
gan with strong eugenic intentions. Later, with in- 
creasing methodological precision and increasing 
analytic success, such investigations were increasing- 
ly removed from this prime philosophical motive. 
This motive helps to understand the second aspect 
of Gabon’s work: the utopian idea to improve the 
quality of the human species by conscious breeding. 
During the Nazi era in Germany (1933-1945) we saw 
how cruel the perverted consequences of such an 
idea may become (Sect. 1.8). Even these experiences, 
however, are sometimes forgotten, as testified by 
some aspects of recent discussions in genetic manip- 
ulation and engineering (Chap. 19). Nevertheless, the 
question first posed by Galton remains, even more 
than ever, of pressing importance: What will be the 
biological future of mankind? 



1.4 Menders Work 

The other leading paradigm was provided by Mendel 
in his work Experiments in Plant Hybridization, 
which was presented on 8 February and 8 March, 
1865 before the Naturforschender Verein (Natural Sci- 
ence Association) in Briinn (now Brno, Czech Repub- 
lic) and subsequently published in its proceedings 
[31]. It has frequently been told how this work went 
largely unnoticed for 35 years and was rediscovered 



independently by Correns, Tschermak, and de Vries 
in 1900 (see [3]). From then on, Mendel’s insights 
triggered the development of modern genetics, in- 
cluding human genetics. 

Mendel was stimulated to carry out his experiments 
by observations on ornamental plants, in which he 
had tried to breed new color variants by artificial in- 
semination. Here he had been struck by certain regu- 
larities. He selected the pea for further experimenta- 
tion. He crossed varieties with differences in single 
characters such as color (yellow or green) or form of 
seed (round or angular wrinkled) and counted all al- 
ternate types in the offspring of the first generation 
crosses and of crosses in later generations. Based on 
combinatorial reasoning, he gave a theoretical inter- 
pretation: the results pointed to free combination of 
specific sorts of egg and pollen cells. In fact, this con- 
cept may have occurred to Mendel before he carried 
out his studies. He may have verified and illustrated 
his findings by his “best” results, since agreement be- 
tween the published figures and their expectation 
from the theoretical segregation ratios is too perfect 
from a statistical point of view. The interpretation of 
this discrepancy remains controversial. In any case, 
there is no question that Mendel’s findings were cor- 
rect. 

Mendel discovered three laws: the law of uniformity, 
which states that after crossing of two homozygotes 
of different alleles the progeny of the first filial gen- 
eration (Fj) are all identical and heterozygous; the 
law of segregation, which postulated 1:2:1 segrega- 
tion in intercrosses of heterozygotes and 1 : 1 segrega- 
tion in backcrosses of heterozygotes with homozy- 
gotes; and the law of independence, which states that 
different segregating traits are transmitted indepen- 
dently. 

What is so extraordinary in Mendel’s contribution 
that sets it apart from numerous other attempts in 
the nineteenth century to solve the problem of her- 
edity? Three points are most important: 

1. He simplified the experimental approach by select- 
ing characters with clear alternative distributions, 
examining them one by one, and proceeding only 
then to more complicated combinations. 

2. Evaluating his results, he did not content himself 
with qualitative statements but counted the differ- 
ent types. This led him to the statistical law gov- 
erning these phenomena. 

3. He suggested the correct biological interpretation 
for this statistical law: The germ cells represent 
the constant forms that can be deduced from these 
experiments. 

With this conclusion Mendel founded the concept of 
the gene, which has proved so fertile ever since. The 
history of genetics since 1900 is dominated by analy- 
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sis of the gene. What had first been a formal concept 
derived from statistical evidence has emerged as the 
base pair sequence of DNA, which contains the infor- 
mation for protein synthesis and for life in all its 
forms [14]. 



1.5 Application to Humans: 

Garrod's Inborn Errors of Metabolism 

The first step of this development is described in this 
historical introduction: A.Garrod’s (1902) [16] paper 
on “The Incidence of Alkaptonuria: A Study in Che- 
mical Individuality.” There are two reasons for giving 
special attention to this paper. For the first time, 
Mendel’s gene concept was applied to a human char- 
acter, and Mendel’s paradigm was introduced into re- 
search on humans. Additionally, this work contains 
many new ideas set out in a most lucid way. Garrod 
was a physician and in later life became the successor 
of Osier in the most prestigious chair of medicine at 
Oxford [193]. His seminal contribution to human ge- 
netics remained unappreciated during his lifetime. 
Biologists paid little attention to the work of a physi- 
cian. Their interest was concentrated more on the for- 
mal aspects of genetics rather than on gene action. 
The medical world did not understand the impor- 
tance of his observations for medicine. Garrod first 
mentioned the isolation of homogentisic acid from 
the urine of patients with alkaptonuria by Walkow 
and Baumann (1891). Then, he stated as the most im- 
portant result of the investigations carried out so far: 

As far as our knowledge goes, an individual is either frankly 
alkaptonuric or conforms to the normal type, that is to say, 
excretes several grammes of homogentisic acid per diem or 
none at all. Its appearance in traces, or in gradually increas- 
ing or diminishing quantities, has never yet been observed 

As a second important feature “the peculiarity is in 
the great majority of instances congenital ... .” 
Thirdly: “The abnormality is apt to make its appear- 
ance in two or more brothers and sisters whose par- 
ents are normal and among whose forefathers there 
is no record of its having occurred.” Fourthly, in six 
of ten reported families the parents were first cousins, 
whereas the incidence of first-cousin marriages in 
contemporary England was estimated to be not high- 
er than 3%. On the other hand, however, children 
with alkaptonuria are observed in a very small frac- 
tion only of all first-cousin marriages. 

There is no reason to suppose that mere consanguinity of 
parents can originate such a condition as alkaptonuria in 
their offspring, and we must rather seek an explanation in 
some peculiarity of the parents, which may remain latent for 



generations, but which has the best chance of asserting itself 
in the offspring of the union of two members of a family in 
which it is transmitted. 

Then, Garrod mentioned the law of heredity discov- 
ered by Mendel, which “offers a reasonable account 
of such phenomena” that are compatible with a reces- 
sive mode of inheritance. He cited another remark of 
Bateson and Saunders (Report to the Evolution Com- 
mittee of the Royal Society, 1902) with whom he had 
discussed his data: 

We note that the mating of first cousins gives exactly the con- 
ditions most likely to enable a rare, and usually recessive, 
character to show itself. If the bearer of such a gamete mates 
with individuals not bearing it the character will hardly ever 
be seen; but first cousins will frequently be the bearers of si- 
milar gametes, which may in such unions meet each other 
and thus lead to the manifestation of the peculiar recessive 
characters in the zygote. 

After having cited critically some opinions on the 
possible causes of alkaptonuria, Garrod proceeded: 

The view that alkaptonuria is a “sport” or an alternative 
mode of metabolism will obviously gain considerably in 
weight if it can be shown that it is not an isolated example 
of such a chemical abnormality, but that there are other con- 
ditions which may reasonably be placed in the same cate- 
gory. 

Having mentioned albinism and cystinuria as possi- 
ble examples, he went on: “May it not well be that 
there are other such chemical abnormalities which 
are attended by no obvious peculiarities [as the three 
mentioned above] and which could only be revealed 
by chemical analysis?” And further: 

If it be, indeed, the case that in alkaptonuria and the other 
conditions mentioned we are dealing with individualities of 
metabolism and not with the results of morbid processes the 
thought naturally presents itself that these are merely ex- 
treme examples of variations of chemical behaviour which 
are probably everywhere present in minor degrees and that 
just as no two individuals of a species are absolutely identical 
in bodily structure neither are their chemical processes car- 
ried out on exactly the same lines. 

He suggested that differential responses toward drugs 
and infective agents could be the result of such che- 
mical individualities. The paper presents the follow- 
ing new insights: 

a) Whether a person has alkaptonuria or not is a 
matter of a clear alternative - there are no transi- 
tory forms. This is indeed a condition for 
straightforward recognition of simple modes of 
inheritance. 

The condition is observed in some sibs and not in 
parents. 

The unaffected parents are frequently first cou- 
sins. 
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This is explained by the hypothesis of a recessive 
mode of inheritance according to Mendel. The 
significance of first-cousin marriages is stressed 
especially for rare conditions; this may be a pre- 
cursor to population genetics. 

b) Apart from alkaptonuria several other similar 
“sports” such as albinism and cystinuria may ex- 
ist. This makes alkaptonuria the paradigm for the 
“inborn errors of metabolism.” In 1908 Garrod 
published his classic monograph on this topic 

[17]- 

c) These sports may be extreme and therefore con- 
spicuous examples of a principle with much more 
widespread applicability. Lesser chemical differen- 
ces between human beings are so frequent that no 
human being is identical chemically to anyone 
else. 

From these concepts Garrod drew more far-reaching 
conclusions, which are often overlooked. In a book 
published in 1931 and recently reprinted with a 
lengthy introduction by Scriver and Childs, Garrod 
suggested that hereditary susceptibilities or diatheses 
are a predisposing factor for most common diseases 
and not merely for the rare inborn errors of metabo- 
lism. These concepts were precursors of current work 
to delineate the specific genes involved in the etiology 
of common disease [46]. 

Throughout this book the principle of a genetically 
determined biochemical individuality will govern 
our discussions. Garrod’s contribution may be con- 
trasted with that of Adams. Apart from the “familial” 
occurrence of some hereditary diseases, Adams ob- 
served a number of phenomena that were not noted 
by Garrod, such as the late onset of some diseases, 
the intrafamilial correlation of age of onset, and the 
genetic predisposition leading to manifest illness 
only under certain environmental conditions. How- 
ever, Adams did not have MendeFs paradigm. There- 
fore, his efforts could not lead to the development of 
an explanatory theory and coherent field of science. 
Garrod did have this paradigm and used it, creating 
a new area of research: human biochemical genetics. 



1.6 Visible Transmitters of Genetic 

Information: Early Work on Chromosomes 

Gabon’s biometric analysis and MendeFs hybridiza- 
tion experiments both started with visible phenotypic 
differences between individuals. The gene concept 
was derived from the phenotypic outcome of certain 
crossings. At the time when Mendel carried out his 
experiments nothing was known about a possible 
substantial bearer of the genetic information in the 



germ cells. During the decades to follow, however, 
up to the end of the nineteenth century, the chromo- 
somes were identified, and mitosis and meiosis were 
analyzed. These processes were found to be highly 
regular and so obviously suited for orderly distribu- 
tion of genetic information that in 1900 the paralle- 
lism of Mendelian segregation and chromosomal dis- 
tribution during meiosis was realized, and chromo- 
somes were identified as bearers of the genetic infor- 
mation. [11] 

Many research workers contributed to the develop- 
ment of cytogenetics [2, 3]. O.Hertwig (1875) first ob- 
served animal fertilization and established the conti- 
nuity of cell nuclei: omnis nucleus e nucleo. Flemming 
(1880-1882) discovered the separation of sister chro- 
matids in mitosis; van Beneden (1883) established 
the equal and regular distribution of chromosomes 
to the daughter nuclei. Boveri (1888) found evidence 
for the individuality of each pair of chromosomes. 
Waldeyer (1888) (see [11]) coined the term “chromo- 
some.” 

Meanwhile, Naegeli (1885) had developed the concept 
of “idioplasma,” which contains - to use a modern 
term - the “information” for the development of the 
next generation. He did not identify the idioplasma 
with any specific part of the cell. W.Roux seems to 
have been the first to set out by logical deduction 
which properties a carrier of genetic information 
was expected to have. He also concluded that the be- 
havior of cell nuclei during division would perfectly 
fulfill these requirements. The most important speci- 
fic property of meiotic divisions, the ordered reduc- 
tion of genetic material, was first recognized by Weis- 
mann. 

These results and speculations set the stage for the 
identification of chromosomes as carriers of the ge- 
netic information, which followed shortly after the 
rediscovery of MendeFs laws and apparently indepen- 
dently by different authors (Boveri; Sutton; Correns, 
1902; de Vries, 1903). 

Chromosome studies and genetic analysis have re- 
mained intimately connected in cytogenetics ever 
since. Most basic facts were discovered and concepts 
developed using plants and insects as the principal 
experimental tools. 

The development of human cytogenetics was delayed 
until 1956 when the correct number of human chro- 
mosomes was established as 46 by use of rather sim- 
ple methods. It should be stressed that this delay 
could not be explained by the introduction of new 
cytological methods at that time. In fact, this discov- 
ery could have been made many years earlier. The de- 
lay was probably related to the lack of interest in hu- 
man genetics by most laboratory-oriented medical 
scientists. Human genetics did not exist as a scientific 
discipline in medical schools since the field was not 
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felt to be a basic science fundamental to medicine. 
Hereditary diseases were considered as oddities that 
could not be studied by the methodology of medical 
science as exemplified by the techniques of anatomy, 
biochemistry, physiology, microbiology, pathology, 
and pharmacology. Thus, most geneticists worked in 
biology departments of universities, colleges, or in 
agricultural stations. They were usually not attuned 
to problems of human biology and pathology, and 
there was little interest to study the human chromo- 
somes. The discovery of trisomy 21 as the cause of 
Down syndrome and the realization that many pro- 
blems of sex differentiation owe their origin to sex 
chromosomal abnormalities established the central 
role of cytogenetics in medicine. Further details in 
the development of cytogenetics are described in 
Chap. 2. 



1.7 Early Achievements in Human Genetics 

1.7.1 ABO and Rh Blood Groups 

The discovery of the ABO blood group system by Land- 
steiner in 1900 [25] and the proof that these blood 
types are inherited (von Dungern and Hirschfeld, 1911 
[47]) was an outstanding example of Mendelian in- 
heritance applied to a human character. Bernstein in 
1924 [7] demonstrated that A, B, and 0 blood group 
characters are due to multiple alleles at one locus. The 
combined efforts of Wiener, Levine, and Landsteiner 
25-30 years later led to discovery of the Rh factor and 
established that hemolytic disease of the newborn 
owes its origin to immunological maternal- fetal in- 
compatibility [26-28]. The stage was set for the de- 
monstration in the i960 s that Rh hemolytic disease of 
the newborn can be prevented by administration of 
anti-Rh antibodies to mothers at risk [43; 56]. 

1.7.2 Hardy-Weinberg Law 

Hardy [19], a British mathematician, and Weinberg 
[52], a German physician, at about the same time 
(1908) set out the fundamental theorem of population 
genetics, which explains why a dominant gene does 
not increase in frequency from generation to genera- 
tion. Hardy published his contribution in the United 
States in Science. He felt that this work would be con- 
sidered as too trivial by his mathematics colleagues. 
Weinberg was a practicing physician who made 
many contributions to formal genetics. He developed 
a variety of methods in twin research [51] and first 
elaborated methods to correct for biased ascertain- 
ment in recessive inheritance [53]. 



1.7.3 Developments Between 1910 and 1930 

The years between 1910 and 1930 saw no major new 
paradigmatic discoveries in human genetics. Most of 
the data in formal genetics (such as linkage, nondis- 
junction, mutation rate) as well as the mapping of 
chromosomes were achieved by study of the fruit fly, 
largely in the United States, but also in many other 
parts of the world. Many scientists tried to apply the 
burgeoning insights of genetics to humans. British 
scientists exemplified by Haldane excelled in the ela- 
boration of a variety of statistical techniques required 
to deal with biased human data. The same period saw 
the development of the basic principles of population 
genetics by Haldane and Fisher in England and by 
Wright in the United States. This body of knowledge 
became the foundation of population genetics and is 
still used by workers in that field. In 1918, Fisher was 
able to resolve the bitter controversies in England be- 
tween the Mendelians, on the one hand, and followers 
of Galton (such as Pearson) on the other, by pointing 
out that correlations between relatives in metric traits 
can be explained by the combined action of many in- 
dividual genes. Major steps in the development of 
medical genetics during this period were the estab- 
lishment of empirical risk figures for mental and af- 
fective disorders by the Munich school of psychiatric 
genetics and the introduction of sound criteria for 
such studies. 



1.8 Human Genetics, the Eugenics Movement, 
and Politics 

1.8.1 United Kingdom and United States 

The first decade of the century saw the development 
of eugenics in Europe and in the United States [1, 12, 
22, 29, 41, 45]. Many biological scientists were im- 
pressed by their interpretation of an apparently all- 
pervasive influence of genetic factors on most normal 
physical and mental traits as well as on mental retar- 
dation, mental disease, alcoholism, criminality, and 
various other sociopathies. They became convinced 
that the human species should be concerned with en- 
couragement of breeding between persons with desir- 
able traits (positive eugenics) and discourage the 
sick, mentally retarded, and disabled from procrea- 
tion (negative eugenics). Galton became the principal 
early proponent of such ideas. Various eugenic study 
units were established in the United States (Eugenics 
Record Office, Cold Spring Harbor) and the United 
Kingdom. Much of the scientific work published by 
these institutions was of poor quality. Particularly, 
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many different kinds of human traits such as “violent 
temper” and “wandering trait” were forced into Men- 
delian straight] ackets. Most serious geneticists be- 
came disenchanted and privately disassociated them- 
selves from this work. For various reasons, including 
those of friendship and collegiality with the eugeni- 
cists, the scientific geneticists did not register their 
disagreement in public. Thus, the propagandists of 
eugenics continued their work with enthusiasm, and 
the field acquired a much better reputation among 
some of the public than it deserved. Thus, many col- 
lege courses on eugenics were introduced in the Unit- 
ed States. 

These trends had several important political conse- 
quences. Eugenics sterilization laws were passed in 
many states in the United States, which made it possi- 
ble to sterilize a variety of persons for traits such as 
criminality for which no good scientific basis of in- 
heritance existed. The attitude that led to the intro- 
duction of these laws is epitomized by United States 
Supreme Court Justice Holmes’ statement that “three 
generations of imbeciles are enough.” 

Eugenic influences also played an important role in 
the passing of restrictive immigration laws in the 
United States. Using a variety of arguments the pro- 
ponents of eugenics claimed to show that Americans 
of northwestern European origin were more useful ci- 
tizens than those of southern European origin or 
those from Asia. Since such differences were claimed 
to be genetic in origin, immigration from southern 
and eastern European countries and from Asia was 
sharply curtailed. Similar trends were also operative 
in the United Kingdom. While solid work in human 
genetics was carried out by a few statistical geneti- 
cists, there was also much eugenic propaganda, in- 
cluding that by the distinguished statistician Pearson, 
the successor to Gabon’s academic chair in Lon- 
don. 

Kevles [23] has published a wide-ranging and insight- 
ful history of eugenics and human genetics in the An- 
glo-Saxon countries. His book is the most carefully 
researched and exhaustive study of the uses and abu- 
ses of eugenic concepts. 

1.8.2 Germany 

In Germany [5, 6, 18, 54, 55] eugenics took the name 
of Rassenhygiene from a book of that title published 
in 1895 by Ploetz [42]. The Rassenhygiene movement 
became associated with mystical concepts of race, 
Nordic superiority, and the fear of degeneration of 
the human race in general and that of the German 
Volk in particular by alcoholism, syphilis, and in- 
creased reproduction of the feebleminded or persons 
from the lower social strata. Some representatives of 



this movement became associated with a dangerous 
type of sociopolitical prejudice: antisemitism. They 
warned the public against contamination of German 
blood by foreign, especially Jewish, influences. Most 
followers of the racial hygiene concept were nationa- 
listic and opposed to the development of an open so- 
ciety that allows individual freedom and democratic 
participation. They shared this attitude with a signif- 
icant segment of the educated classes in Germany. 
General eugenic ideas divorced from racism and 
other nationalist notions were often espoused by in- 
tellectuals who were concerned about the biological 
future of mankind. Thus, socialists publicized such 
views in Germany [18]. In 1931, two years before 
Hitler’s coming into power, the German Society of 
Racial Hygiene added eugenics to its name. However, 
all efforts in this area soon became identified with the 
Nazi ideology. 

Prominent German human geneticists identified 
themselves with the use of human genetics in the ser- 
vice of the Nazi state. Recognized scientists, such as 
Fischer, F.Lenz, Riidin, and von Verschuer, accepted 
Nazi leadership and Nazi philosophy. While most of 
the propaganda for the new racial hygiene was not 
formulated by scientists but by representatives of the 
Nazi party, men such as Fischer and von Verschuer 
participated in spreading Nazi race ideology. Jews 
were declared foreign genetic material to be removed 
from the German Volk [48]. A eugenic sterilization 
law was already passed in 1933 that made forced ster- 
ilization obligatory for a variety of illnesses thought 
to be genetic in origin. Heredity courts were estab- 
lished to deal with appropriate interpretation of the 
sterilization law [39]. This law was hailed by some eu- 
genicists in the United States even at the end of the 
1930 s [24]. Sterilization laws for eugenic indications 
were also passed in some Scandinavian countries 
around the same time but allowed voluntary (in con- 
trast to forced) sterilization [39]. 

The exact role of the German human geneticists in 
the increasing radicalization and excesses of the ap- 
plication of Nazi philosophy has begun to be asses- 
sed by archival study [38]; von Verschuer’s role in 
sponsoring twin and other genetic research by his 
former assistant Mengele in the Auschwitz concen- 
tration and extermination camp is clear. We have 
no record that any voices were raised in public by 
these men in protest against “mercy killings” of 
the mentally retarded and newborn children with 
severe congenital defects nor against the mass kill- 
ings of Jews. The new historical evidence suggests 
that von Verschuer must have had some idea of 
such events, since he had continued contact with 
Mengele when the mass killings at Auschwitz were 
at their height. The “final solution” to the “Jewish 
problem” resulted in the murder of about 6 million 
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Jews in the early 1940 s [44]. While we have no re- 
cord that human geneticists favored this type of 
“solution,” their provision of so-called scientific evi- 
dence for a justification of Nazi antisemitism helped 
to create a climate in which these mass murders be- 
came possible. This episode is one of the most ma- 
cabre and tragic chapters in the history of man’s in- 
humanity to man in the name of pseudoscientific 
nationalism. 



1.8.3 Soviet Union 

Eugenics was initiated in the Soviet Union [12, 18] in 
the 1920 s by the establishment of eugenics depart- 
ments, a eugenic society, and a eugenics journal. Eu- 
genic ideals soon clashed with the official doctrine 
of Marxism-Leninism, however, and these efforts 
were abandoned by the late 1920 s. Scientists who 
had become identified with eugenics left the field to 
work with plants and animals. 

Interest in the medical application of human genetics 
nevertheless persisted. A large institute of medical 
genetics was established in the Soviet Union during 
the 1920 s. Its director, L.E.Levit, disappeared in the 
1930 s, and human genetics was officially declared a 
Nazi science. The later ascendance of Lysenko stifled 
all work in genetics, including that of human genet- 
ics, and no work whatever was carried out in this 
field until the early 1960 s, after Lysenko’s domination 
had ceased [214]. The reintroduction of human ge- 
netics into the Soviet Union occurred by way of med- 
ical genetics. A textbook of medical genetics was pub- 
lished by Efroimson in 1964. A new institute of medi- 
cal genetics was established in 1969 under the direc- 
torship of the cytogeneticist Bochkov. Work in many 
areas of medical genetics is now carried out in that 
institution and in other places. 

1.8.4 Human Behavior Genetics 

Vehement discussion continues regarding the role 
of genetic determinants in behavior, IQ, and per- 
sonality. Some scientists entirely deny genetic influ- 
ences on normal behavior or social characteristics 
such as personality and intellect. This attitude to- 
ward genetics is shared by some psychologists and 
social scientists and even a few geneticists who are 
concerned about the possible future political and 
social misuse of studies in human behavioral genet- 
ics and sociobiology that claim to show strong ge- 
netic determinants of intelligence and social beha- 
vior. 

We do not agree with those who deny any genetic in- 
fluence on behavior or social traits in humans. How- 



ever, we also caution against a too ready acceptance 
of results from biometric comparison of twins and 
other relatives, which claim high heritabilities for 
many of these traits. Genetic data and pseudodata 
may be seriously misused by political bodies. How- 
ever, as biologists and physicians impressed by biolo- 
gical variation under genetic control, we would be 
surprised if the brain did not also show significant 
variation in structure and function. Such variation is 
expected to affect intellect, personality, behavior, 
and social interactions. The extent to which genetic 
variation contributes to such traits, and especially 
the biological nature of such variation, will have to 
await further studies (see Chaps. 15-17). 



1.9 Development of Medical Genetics 
(1950-the Present) 

1.9.1 Genetic Epidemiology 

In the 1940 s and 1950 s a number of institutions pio- 
neered in research on epidemiology of genetic disea- 
ses. T. Kemp’s institute in Copenhagen, J. V. Neel’s de- 
partment in Ann Arbor, Michigan, and A. C. Steven- 
son’s in Northern Ireland and later in Oxford contrib- 
uted much to our knowledge on prevalence, modes of 
inheritance, heterogeneity, and mutation rates of var- 
ious hereditary diseases. Recent years have seen a re- 
naissance in this area, with special attention to com- 
plex analysis of common diseases. Utilization of new 
laboratory methods including DNA techniques to- 
gether with more powerful methods of biometric 
analysis [34, 37] and linkage studies provide powerful 
new approaches in this area. 

1.9.2 Biochemical Methods 

The years after World War II brought a rapid expan- 
sion in the field of human genetics by the develop- 
ment of both biochemical and cytological methods. 
Human genetics, which had been the concern largely 
of statistically oriented scientists, now entered the 
mainstream of medical research. The demonstration 
by Pauling et al. [40] that sickle cell anemia is a mole- 
cular disease was a key event in this area. The hemo- 
globins allowed detailed study of the consequences 
of mutation. The genetic code was found to be valid 
for organisms as far apart as viruses and humans. 
Many detectable mutations were found to be single 
amino acid substitutions, but deletions of various 
sorts and frameshift mutations similar to those dis- 
covered in micro-organisms were discovered. The nu- 
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cleotide sequences of the hemoglobin genes were 
worked out using techniques developed in biochem- 
istry and molecular genetics. Many inborn errors of 
metabolism were shown to originate in various en- 
zyme deficiencies, each caused by a genetic mutation 
that changes enzyme structure. Methemoglobinemia 
due to diaphorase deficiency and glycogen storage 
disease were the first enzyme defects to be demon- 
strated (Sect. 7.1). 

1.9.3 Genetic and Biochemical Individuality 

Work on variants of the enzyme glucose-6-phos- 
phate-dehydrogenase helped to establish the concept 
of extensive mutational variation. Biochemical indi- 
viduality explained some drug reactions and led to 
the development of the field of pharmacogenetics 
[33]. Marked biochemical heterogeneity of human 
enzymes and proteins was first shown [20]. The 
uniqueness of humans, which is apparent by the 
physiognomic singularity of each human being was 
shown to apply at the biochemical and immunologi- 
cal level as well. Here, as in several other fields (such 
as the hemoglobin variants and the mechanism of 
sex determination), studies in humans led the way 
to generally valid biological rules. The significance 
of polymorphism for the structure of populations 
including that of man is being widely studied by po- 
pulation geneticists. The hypothesis that some ex- 
pressed polymorphisms are the genetic substrate 
against which the environment acts to determine 
susceptibility and resistance to common disease led 
to the development of the field of ecogenetics [34]. 
The histocompatibility gene complex has become an 
important paradigm for the understanding of why 
several genes with related function occur in closely 
linked clusters. This locus may be of great impor- 
tance to understand susceptibility to autoimmune 
and other diseases. More recently an enormous 
amount of apparently unexpressed genetic variation 
has been demonstrated at the DNA level. 



1.9.4 Cytogenetics, Somatic Cell Genetics, 

Prenatal Diagnosis 

After cytogenetic techniques became available, they 
were applied to detect many types of birth defects 
and intersex states. A specific type of malignancy, 
chronic myelogenous leukemia, was shown to be 
caused by a unique chromosomal aberration. Band- 
ing techniques developed by Caspersson in 1969 
made it possible to visualize each human chromo- 
some and gave cytogenetic methods added powers 
of resolution. 



Soon, biochemical and cytogenetic techniques were 
combined in somatic cell genetics. Specific enzyme 
defects were identified in single cells grown in tissue 
cultures. The development of methods to hybridize 
human with mouse cells by Henry Harris and Wat- 
kins [21] and Ephrussi and Weiss [13] soon allowed 
the assignment of many genes to specific chromo- 
somes and the construction of a human linkage 
map. 

The developments in somatic cell genetics led to the 
introduction of prenatal diagnosis in the late i960 s, 
when amniocentesis at the beginning of the second 
trimester of pregnancy was developed. This allowed 
tissue cultures of amniotic cells of fetal origin, per- 
mitting both cytogenetic and biochemical character- 
ization of fetal genotypes, assignment of sex, and 
the diagnosis of a variety of disorders in utero. In 
the early 1980 s chorion villus biopsy - a procedure 
done during the first trimester of pregnancy - was 
introduced, and is being widely used. The discovery 
that neural tube defects are associated with in- 
creases in a -fetoprotein of the amniotic fluid 
permits intrauterine diagnosis of an important 
group of birth defects [8]. Ultrasound methods to 
visualize the placenta and to diagnose fetal abnorm- 
alities added to the diagnostic armamentarium. This 
noninvasive method allows phenotypic diagnosis of 
a variety of fetal defects more and more frequently. 

Clinical Genetics. The field of clinical genetics is 
growing rapidly [30]. Many hospitals are establishing 
special clinics in which genetic diseases can be diag- 
nosed and genetic counseling provided. The hetero- 
geneity of genetic disease has been increasingly re- 
cognized. Genetic counseling is now intensified to 
provide patients and their families with information 
on natural history, recurrence risks and reproductive 
options. Screening programs of the entire newborn 
populations for diseases such as phenylketonuria are 
being introduced in many countries, and other 
screening programs such as those to detect carriers 
of Tay-Sachs disease have undergone extensive trials 
[10] (Chap. 18). 

Accompanying these clinical developments was a per- 
iod in which the evolution of new scientific concepts 
in human genetics per se became somewhat less pro- 
minent since many human geneticists were devoting 
their work to clinical problems to which they could 
make important practical contributions. With the ad- 
vent of the new DNA techniques (Chap. 3) this has 
changed rapidly. Basic work in human genetics is 
now performed increasingly by a variety of scientists 
such as cell biologists, molecular biologists, bioche- 
mists, and others, who do not necessarily have train- 
ing in human genetics [36]. However, human genetics 
is identified with medical genetics in many of its ac- 
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tivities. The scientific developments of the past de- 
cades are being widely applied in practical medicine. 

1.9.5 DNA Technology in Medical Genetics 

Advances in molecular genetics and DNA technology 
are being applied rapidly to practical problems of 
medical genetics [49]. Since understanding of the he- 
moglobin genes was more advanced than that of 
other genetic systems, the initial applications related 
to the diagnosis of hemoglobinopathies. Several 
methods are now being utilized. Inherited variation 
in DNA sequence that is phenotypically silent was 
found to be common, supplying a vast number of 
DNA polymorphisms for study. Just as everyone’s 
physiognomy is unique, each person (except for iden- 
tical twins) has a unique DNA pattern. DNA variants 
are being used in family studies as genetic markers 
to detect the presence of closely linked genes causing 
monogenic diseases. Direct detection of genetic dis- 
ease has been achieved by utilizing nucleotide probes 
that are homologous to the mutations that are search- 
ed for. The polymerase chain reaction, together with 
rapidly increasing knowledge on human DNA se- 
quences, has opened up new opportunities for direct 
diagnosis at the DNA level. Occasionally, a specific 
restriction enzyme may detect the mutational lesion. 
Different DNA mutations at the same locus usually 
cause an identical phenotypic disease. This finding 
makes direct DNA diagnosis without family study 
difficult unless the specific mutation that causes the 
disease is known. 

Efforts to construct a map of the human genome are 
nearing completion. Several hundred DNA markers 
that are evenly spaced over all chromosomes provide 
the necessary landmarks for detection of the genes 
for all monogenic diseases and aid in unraveling the 
contribution of specific genes to common diseases. 
The use of DNA to treat genetic diseases is also under 
study. Current efforts are concerned with the inser- 
tion of the DNA of normal genes into somatic cells 
(somatic gene therapy). In vitro and animal experi- 
ments are under way using, for example, retroviruses 
as vectors for these genes. Human experiments have 
been initiated but no definitive cures have get been 
reported (See Chaps. 7; 19). Germinal gene therapy, 
i.e., insertion of normal genes into defective germ 
cells, or fertilized eggs for treatment of human genet- 
ic disease has never been carried out. Such an ap- 
proach is highly controversial, and is even prohibited 
by law in some countries. 



1.9.6 Unsolved Problems 

Human genetics had been most successful by being 
able to guide work that was made possible by the de- 
velopment of techniques from various areas of biolo- 
gy using Mendelian concepts. Important basic fron- 
tiers that are still being extended concern problems 
of gene regulation, especially during embryonic de- 
velopment, control of the immune system and of 
brain function. Human genetics is likely to contri- 
bute to these problems by imaginative use of the 
study of genetic variation and disease applying new- 
er techniques. In medical genetics, the problem of 
common diseases including many birth defects re- 
quires study of the specific genes involved in such 
diseases and many additional insights into the mech- 
anisms of gene action during embryonic develop- 
ment. 

At first glance, the history of human genetics over the 
past 40 years reads like a succession of victories. The 
reader could conclude that human geneticists of the 
last generation pursued noble science to the benefit 
of mankind. However, how will posterity judge cur- 
rent efforts to make use of our science for the benefit 
of mankind as we understand it? Will the ethical dis- 
tinction between selective abortion of a fetus with 
Down syndrome and infanticide of severely mal- 
formed newborns be recognized by our descendants? 
Are we again moving down the “slippery slope?” 

Conclusions 

Theories and studies in human genetics have a long 
history. Observations on the inheritance of physical 
traits in humans can even be found in ancient Greek 
literature. In the 18 th and 19 th centuries observations 
were published on the inheritance of numerous disea- 
ses, including empirical rules on modes of inheri- 
tance. The history of human genetics as a theory- 
based science began in 1865, when Mendel published 
his Experiments on Plant Hybrids and Galton his stu- 
dies on Hereditary Talent and Character. A very im- 
portant step in the development of human genetics 
and its application to medicine came with Garrod’s 
demonstration of a Mendelian mode of inheritance 
in alcaptonuria and other inborn errors of metabo- 
lism (1902). Further milestones were Pauling’s eluci- 
dation of sickle cell anemia as a “molecular disease” 
(1949)) the discovery of genetic enzyme defects as 
the causes of metabolic disease (1950 s, 1960 s), the 
determination that there are 46 chromosomes in hu- 
mans (1956), the development of prenatal diagnosis 
by amniocentesis (1968-1969), and the large-scale in- 
troduction of molecular methods (1970 s, 1980 s, and 
1990 s). 
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Concepts appropriated from human genetics have of- 
ten influenced social attitudes. Abuses have occurred, 
such as with legally mandated sterilization, initially 
in the United States and later more extensively in 
Nazi Germany, where the killing of mentally impaired 
patients was followed by the genocide of Jews and 
Gypsies. More recently, controversies have attended a 
number of activities, such as the Human Genome 
Project and some of the applications of genetic 
knowledge in the diagnosis, prevention, and therapy 
of an ever wider range of disorders. 
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The Human Genome: Chromosomes 



Before a renewed, careful control has been made of the chromosome number 
in spermato gonial mitoses of man we do not wish to generalize our present findings 
into a statement that the chromosome number of man is 2n = 46, but it is hard to avoid 
the conclusion that this would be the most natural explanation of our observations. 

H. J. Tjio and A. Levan, Hereditas 42: 1-6, 1956 



2.1 Human Cytogenetics: 

A Successful Late Arrival 

The chromosome theory of Mendelian inheritance 
was launched in 1902 by Sutton and Boveri. In the 
same year Garrod, establishing the autosomal-reces- 
sive mode of inheritance for alkaptonuria and com- 
menting on metabolic individuality in general, cre- 
ated the paradigm of “inborn errors of metabolism.” 
Simple modes of inheritance were soon established 
for many other human disorders. A few years later 
Bridges (1916) [10] examined in Drosophila the first 
case of a disturbance in chromosome distribution 
during meiosis and named it “nondisjunction.” Cyto- 
genetics of animals and plants flourished during the 
first half of the century, and almost all important 
phenomena in the field of cytogenetics were discov- 
ered during this period. Moreover, cytogenetic meth- 
ods helped to elucidate many basic laws of muta- 
tion. 

One might have expected that these results and con- 
cepts of general cytogenetics would soon flow into 
human genetics, helping to explain phenomena that 
are genetic in origin but did not fit the expectations 
derived from Mendel’s laws. This transfer, however, 
was not to occur until 50 years later. The age of hu- 
man cytogenetics began only in the 1950 s when Tjio 
and Levan (1956) [131] and Ford and Hamerton 
(1956) [31] established the diploid human chromo- 
some number of 46. Lejeune et al. (1959) [69] discov- 
ered trisomy 21 in Down syndrome, and Ford et al. 
(1959) [32] and Jacobs and Strong (1959) [56] estab- 
lished that Turner and Klinefelter syndromes are 
caused by X chromosomal anomalies. 

The late arrival of human cytogenetics is usually as- 
cribed to shortcomings in the preparation methods 
of chromosomes. Indeed, the jumbled masses of 
chromosomes in old illustrations demonstrate the 
difficulties encountered by the pioneers who tried to 
count human chromosomes. Still, it is hard to con- 
ceive that development of more adequate methods 
would have been delayed so long had the cytogeneti- 
cists realized there are human anomalies awaiting ex- 
planation. Some human geneticists did consider the 



possibility that certain anomalies are due to chromo- 
somal aberrations. For example. Waardenburg in 1932 
[135] remarked (our translation): 

The stereotyped recurrence of a whole group of symptoms 
among mongoloids offers an especially fascinating problem. 
I would suggest to the cytologists that they examine whether 
it is possible that we are dealing with a human example of a 
certain chromosome aberration. Why should it not occur oc- 
casionally in humans, and why would it not be possible that - 
unless it is lethal - it would cause a radical anomaly of con- 
stitution? Someone should examine in mongolism whether 
possibly a “chromosomal deficiency” or “nondisjunction” - 
or the opposite, “chromosomal duplication” - is involved. 
. . . My hypothesis has at least the advantage of being test- 
able. It would also explain the possible influence of maternal 
age. 

He then remarked that the very rare familial occur- 
rence of Down syndrome and the concordance of 
monozygotic twins are compatible with this hypo- 
thesis. Waardenburg, a practicing ophthalmologist 
who in his spare time became one of the foremost 
specialists for inherited eye disease, had no opportu- 
nity to put his suggestion into practice. The cytogen- 
eticists of his time, however, lacking appropriate 
methods, did not carry through. The spark was there, 
but nothing caught fire. 

2.1.1 History and Development 
of Human Cytogenetics 

First Observations on Human Mitotic Chromosomes 
[130]. Research on human cytogenetics could be said 
to have begun with the work of Arnold (1879) [3] 
and Flemming (1882) [33], who for the first time ex- 
amined human mitotic chromosomes. In the follow- 
ing years a number of reports appeared with various 
estimates of the number of human chromosomes. 
Outstanding among these early contributions was 
the work of von Winiwarter (1912) [141]. He examined 
the testicular histology from four men aged 21, 23, 25, 
and 41 years, fixed and cut into sections only 7.5 pm 
in diameter, which impeded chromosome counting. 
Thirty-two spermatogonial mitoses could be evalu- 
ated; for 29 he counted 47 elements, 46 for two oth- 
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Fig. 2.1. An early picture of a spermatogonial mitosis. (From 
von Winiwarter 1912 [134] ) 




Fig. 2.2. The sex bivalent in a first meiotic anaphase. (From 
Painter 1923 [91I ) 



ers, and 49 for one (Fig. 2.1). Sixty diplotene plates 
were evaluated; 57 showed 24 elements, two seemed 
to have 25, and one 23. In diplotene, he even observed 
the sex chromosomes but explained them as one 
chromosome that was transported to one pole. He 
concluded that human males have 47 and females 
48 chromosomes. His evidence for females was slen- 
der, as he found only three clear oogonial mitoses in 
a 4-month-old fetus. The results were compatible 
with there being 48 chromosomes. 

The report with the strongest impact was that of 
Painter in the 1920 s [91]. He examined the testicles 
of three individuals from the Texas State Insane Asy- 
lum. In all three cases the cause for the removal of 
the testes was “excessive self-abuse coupled with cer- 
tain phases of insanity.” The results were based main- 
ly on examinations from two of the three individuals. 
In a preliminary report (1921) he described the chro- 
mosome number as 46 or 48, but in the definitive re- 
port (1923) he had decided in favor of 48 chromo- 
somes. In first meiotic divisions he was able to de- 
monstrate the sex bivalent, consisting of the X and 
Y chromosomes, which at anaphase migrated to op- 
posite poles (Fig. 2.2). 

In the following years, a chromosome number of 48 
in humans was supported in a number of reports 
[351]. However, two technical difficulties impeded fur- 
ther progress: 



Cic 





Fig. 2.3. A metaphase of a human embryonic lung fibroblast 
grown in vitro. From the first report in which the human 
chromosome number was established as 46: (From Tjio and 
Levan 1956 [131] ) 



1. Sectioning by the usual histological techniques of- 
ten disturbed mitoses. 

2. The chromosomes tended to lie on top of each 
other and even to clump together. 

These difficulties were ultimately overcome by: 

a) Use of suspensions of intact cells that might be 
squashed or simply air-dried rather than of histo- 
logical sections. 

b) Subjecting cells to a brief treatment with a hypo- 
tonic solution, causing them to swell and burst, 
thus spreading out the chromosomes for better 
definition. 

The hypotonic shock technique paved the way for 
easy chromosome counting [52, 53]. (Interestingly en- 
ough, even 30 years later Painter’s estimate of 48 was 
so strongly imprinted on investigators’ minds that in 
the first study on human chromosomes using the 
new technique the human chromosome number was 
reported as 48 [52]). 

An Old Error Is Corrected and a New Era Begins [32]. 
In the summer of 1955 Levan, a Swedish cytogeneti- 
cist, visited Hsu in New York and learned the techni- 
que of squash preparation using hypotonic shock. 
He and Tjio then improved the technique by shorten- 
ing the hypotonic treatment and adding colchicine, a 
chemical that arrests cells in metaphase to increase 
the number of countable cells. They examined lung fi- 
broblasts of four human embryos. To their surprise 
they found a chromosome number of 46 in most of 
261 metaphases. Figure 2.3 shows one example. In dis- 
cussing their findings they mentioned three Swedish 
investigators who had studied mitoses in liver cells 
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of aborted human embryos a year earlier. This study 
was discontinued because they were unable to find 
48 chromosomes; in all cells, they found only 46. 

This evidence was soon supplemented by Ford and 
Hamerton (1956) [31]. They examined testicular tissue 
from three men of relatively advanced age. In the 
great majority of all metaphase I cells, 23 bivalents 
were found, confirming the results of Tjio and Levan. 
Spermatogonial mitoses were difficult to find, but a 
few clear counts confirmed the chromosome number 
to be 46. 

With these results, the stage was set for the develop- 
ment of clinical cytogenetics. Still it was to be almost 
another three years, however, before the first abnor- 
mal karyotypes in humans were reported. 

Solution of an Old Riddle: Down Syndrome (Mongo- 
lism) Is Due to Trisomy 21. In the spring of 1959 Waar- 
denburg’s suggestion was finally followed. Lejeune et 
al. [69] reported chromosome studies from fibroblast 
cultures in nine children with Down syndrome. Fifty- 
seven diploid cells were regarded as technically per- 
fect. In all of them the chromosomes numbered 47. 
The supernumerary chromosome was described as 
small and “telocentric.” Meiotic nondisjunction was 
suggested as the most likely explanation for the addi- 
tional chromosome. 

First Reports on Trisomies and Monosomies of Sex 
Chromosomes. Barr and Bertram [4] discovered the 
“X chromatin,” an intranuclear body 0. 8-1.1 pm in 
size, which is commonly located at the periphery of 
the interphase nuclei of females and is not present 
in males. The discovery was accidental since it origi- 
nated in an investigation of the effects of fatigue on 
the central nervous system in cats. What first seemed 
to be a sex difference only in the neurons of cats 
turned out to be a normal finding characteristic of 
the nuclear inheritance of female mammals including 
human females. Corresponding structures, the drum- 
sticks, were found by Davidson and Smith in 1954 
[19] in polymorphonuclear neutrophil leukocytes. 
The obvious next step was the examination of X chro- 
matin in cells of patients with disturbances in sexual 
development. Here, most male patients with the Kli- 
nefelter syndrome (Sect.2.2.3.2) turned out to be 
X chromatin-positive in spite of their predominantly 
male phenotype, whereas most female patients with 
the Turner syndrome (Sect.2.2.3.3) were X chroma- 
tin-negative - again in contrast to their female phe- 
notype. If the X chromatin was directly related to the 
X chromosomes, this finding pointed to X chromo- 
some anomalies in these two syndromes. 

This suspicion was strengthened when the frequency 
of X-linked color vision defects in patients with Kli- 
nefelter syndrome was found to be lower than in nor- 



mal males but much higher than would be expected 
in XX females [85, 98]. 

This situation found its explanation when Jacobs and 
Strong (1959) [56], examining the chromosomes from 
bone marrow mitoses in Klinefelter patients, found 
47 chromosomes, whereas both parents had a normal 
karyotype. The supernumerary chromosome belon- 
ged to the group of chromosomes including X chro- 
mosomes; the karyotype was tentatively identified as 
XXY. 

Soon after this first report, the XXY karyotype in the 
Klinefelter syndrome was confirmed in many more 
cases and is now known as the standard karyotype 
in this condition. At the same time, the result in the 
Klinefelter syndrome was complemented by chromo- 
some examinations in another syndrome in which a 
discrepancy between phenotypic and nuclear sex 
seemed to exist: the Turner syndrome. Ford et al. 
(1959) [32] showed that the karyotype had only 
45 chromosomes, obviously with one X and no Y 
chromosome. A third anomaly, with 47 chromosomes 
and three X chromosomes, was soon described in a 
slightly retarded woman with dysfunction of the sex- 
ual organs (Jacobs et al. 1959) [57]. The analytic pos- 
sibilities afforded by human sex chromosome anoma- 
lies for sex determination in humans are discussed in 
Sect. 2.2.3. 

Birth of Human Cytogenetics 1956-1959: A Scientific 
Revolution. Kuhn [63] pointed to the difference be- 
tween the progress of “normal science” and the occa- 
sional occurrence of “scientific revolutions” (see “In- 
troduction”). From the standpoint of human genet- 
ics, the development of cytogenetics between 1956 
and i960 resembled such a “revolution.” Based on a 
new method rather than on a new concept, the whole 
field attained a new dimension. Since only methods 
and not concepts changed, this advance did not ren- 
der most earlier work outdated but supplemented it 
in many directions. Any discussion of gene regula- 
tion, linkage, the structure of genetic material, spon- 
taneous and induced mutations, population genetics, 
human evolution, and the practical use of genetic 
knowledge in the prevention of genetic disease were 
now obsolete without due regard to human cytoge- 
netic data and concepts. 

From the viewpoint of experimental geneticists, hu- 
man cytogenetics appeared much humbler. The 
many advances were viewed as the belated applica- 
tion to humans of concepts that had been known for 
many years, sometimes even half a century or more. 
More recently, human cytogenetics has reached the 
stage at which the unique advantage of human mate- 
rial for the solution of more general biological ques- 
tions such as localization of gene action during inter- 
phase is now being explored. 
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What triggered this revolution? As is often the case, it 
was a technical improvement: the hypotonic treat- 
ment for spreading chromosomes, accompanied by 
the examination of single isolated nuclei rather than 
tissue sections. 

Paradigm Group in Early Human Cytogenetics. Tjio 
and Levan [131] discovered the correct number of 
chromosomes but - apparently too far removed 
from medicine - did not see the potential application 
to human pathology. This step, taken by a group of 
British scientists, was one in which concepts of basic 
cytogenetics underwent a most fortuitous combina- 
tion with experience in medicine. The same step, 
however, was taken by a French scientist outside the 
academic structure of medicine, J.Lejeune [69]. Dur- 
ing a scientific revolution, the group of scientists 
working on the new paradigm usually creates its 
own network of scientific interaction. The early pha- 
ses of human cytogenetics offer an interesting case 
of research in the history of science. A participant, 
D. G. Hamden, gave us the following interesting infor- 
mation. 

The leading figures in the British group were C. Ford in 
Harwell and W.M. Court Brown in Edinburgh, both 
working in units sponsored by the Medical Research 
Council. Ford’s interest in human chromosomes grew 
out of his work on mouse tumors and meiotic cells; 
Court Brown decided to work with human chromo- 
somes because as an epidemiologist he felt it was ne- 
cessary to combine epidemiological with basic biolo- 
gical studies. The two groups soon established rela- 
tionships; for example, Patricia Jacobs, a nonmedical 
cytogeneticist, was sent by Court Brown to Ford where 
she adapted the bone marrow culture technique devel- 
oped by Lajtha for the examination of human chromo- 
somes. Hamden developed the technique of growing 
fibroblasts from skin biopsies, which he felt were 
more readily available than bone marrow. 

The Edinburgh group was located in a hospital and 
had easy access to clinical material. Here, a physician, 
J. Strong examined the case of Klinefelter syndrome. 
Harwell, where Ford worked, was an atomic energy 
biological station and had no direct hospital connec- 
tions; however, a relationship with Guy’s Hospital in 
London soon developed, and P. Polani suggested 
looking at Turner syndrome. Cooperation between 
the two groups was intensive; there was a great deal 
of interaction by letter, telephone, visits, and ex- 
change of material. Human geneticists, such as P. Po- 
lani, L.S. Penrose, and J. Edwards, sent material to 
Harwell and advised the clinically inexperienced la- 
boratory workers on medical matters. 

The idea of examining Down syndrome offered itself 
to the British workers as the obvious next choice after 
the search for aberrations in Klinefelter and Turner 



syndromes led to success. The idea seems to have ori- 
ginated independently in Harwell and Edinburgh, 
where the workers were well advanced with their 
study before they knew of Lejeune’s work. 

The success of the two British groups was made pos- 
sible by a lucky combination of persons with different 
but complementary backgrounds. Close cooperation 
developed for a few years during which the “para- 
digm” shared by the group revealed its explanatory 
power. Later, the cooperation slowly abated. At the 
same time, however, two other investigators had in- 
dependently recognized the possibilities of the new 
methods. One was Lejeune in France; the other was 
the team of Fraccaro and Lindsten in Sweden, who 
started work on the Turner syndrome without knowl- 
edge of the investigations at Harwell. 

Steps in the Development of Human Cytogenetics. The 
most important steps in the development of human 
cytogenetics were as follows: 

1956 Tjio and Levan and Ford and Hamerton es- 
tablished the number of chromosomes in 
the diploid human cell [131; 31]. 

1959 Lejeune discovered trisomy 21 in Down’s 
syndrome; Ford et al. and Jacobs and Strong 
found the XXY karyotype for the Klinefelter 
syndrome and the XO karyotype for the 
Turner syndrome. 

1960 Moorhead et al. [80] published the method 
for chromosome preparation from short- 
term lymphocyte cultures. Two autosomal 
trisomies, later identified as trisomies 13 
and 18, were described by Patau et al. [94] 
and Edwards et al. [27]. Nowell and Hunger- 
ford [86] described the Philadelphia chro- 
mosome in chronic myeloid leukemia. 

1963 The first deletion syndrome, the cri du chat 
syndrome, was observed by Lejeune et al. 
[70]. 

1964/65 Schroeder et al. (1964) [116] and German et 
al. (1965) [41] discovered a genetically deter- 
mined increased chromosome instability in 
Fanconi anemia and Bloom syndrome, re- 
spectively. 

1968/70 Chromosome banding techniques were in- 
troduced. This permitted unequivocal iden- 
tification of all human chromosomes [13]. 
1975 Yunis [137] introduced high-resolution 
banding methods. 

Late 1980 Nonradioactive in situ hybridization meth- 
ods: “chromosome painting.” 

Clinical Cytogenetics: The Most Popular Speciality of 
Human Genetics. Between i960 and the late i98oies, 
human - and especially clinical - cytogenetics devel- 



Human Cytogenetics: A Successful Late Arrival 



oped into the most popular branch of human genet- 
ics. One reason was that the causes of many previous- 
ly unexplained malformation syndromes became ap- 
parent. Another likely reason is that after relatively 
simple manipulations a “real” particulate appearance 
could actually be seen under the microscope. Visual 
images appeal to the medically trained and to many 
nonmedical biologists. In striking contrast, the more 
abstract concepts of formal genetics and population 
genetics do not attract the majority of physicians 
and biologists. 

The great increase in the popularity of clinical cyto- 
genetics is all the more remarkable since during the 
first decade almost no practical significance of these 
results was seen for medical therapy or prevention 
apart from diagnosis and genetic counseling. This 
changed dramatically when antenatal diagnosis be- 
came possible. In the last decade of the 20th century, 
molecular genetics has become the most popular 
field of human genetics. 

2.1.2 Normal Human Karyotype 
in Mitosis and Meiosis 

2.1. 2.1 Mitosis 

Cell Cycle. Figure 2.4 diagrams the cell cycle of a di- 
viding mammalian cell. After mitosis the cell is in 
the Gj phase; all chromosomes are present in nondu- 
plicated form. If the cell does not divide any more, 
for example, as a mature neuron, the chromosomes 
remain in this state (Gq). A dividing cell now enters 
the next mitotic cycle. RNA and proteins are synthe- 
sized, and the cell becomes ready for DNA replica- 
tion, which takes place in the S phase. Various parts 
of the chromosomes replicate asynchronously, as evi- 
denced when [^H] thymidine is added at a certain time 



during the S phase. Then, only chromosomes that 
have not finished replication take up the labeled com- 
pound and can be identified by autoradiography. 

A certain amount of “unscheduled” or repair replica- 
tion goes on during the G^ phase, in which the cell 
prepares for mitosis (M). During the G^ phase, the 
material of every chromosome of the diploid set 
(2 n) is present once. In the G^ phase, on the other 
hand, every chromosome has doubled into two iden- 
tical elements that are called sister chromatids. The 
material of every chromosome is now present twice 
(2x2 n = 4 n). During or after replication, the two sis- 
ter chromatids exchange segments repeatedly so that 
the two chromatid arms of a mitotic chromosome 
have parts of both chromatids (Sister Chromatid Ex- 
change, SCE). This can be made visible by using a 
specific staining technique after treatment with bro- 
modeoyuridine - a thymine analogue (Fig. 2.5) [65]. 

Mitosis. The phases of mitosis are set out in Fig. 2.6. Mitosis 
starts by condensation of chromatin (Fig. 2.6 a; early pro- 
phase). At the end of prophase the chromosomes are clearly 
visible; the two sister chromatids lie side by side. Meanwhile, 
the nuclear membrane has dissolved, the nucleolus has disap- 
peared, and the spindle is formed. The spindle consists of mi- 
crotubules formed by a protein called tubulin and are visible 
under the microscope as spindle fibers. They connect the 
centromeric regions of the chromosomes with the centrioles. 
With dissolution of the nuclear membrane, prophase is fin- 
ished, and the cell is now in metaphase. The centromeres 
are located in the equatorial plane between the two spindle 
poles. Now the two chromatids of each chromosome begin 
to separate, until they are connected only at the centromeric 
region. Finally, the centromeres also separate, to form half- 
chromosomes that are drawn to the opposite poles by the 
spindle fibers. The function of spindle microtubules can be 
demonstrated by colchicine treatment, which inhibits aggre- 
gation of tubulin and dissolves microtubules. This disturbs 
chromosome arrangement in the equatorial plane and inhi- 
bits their anaphase movement. Separation of chromatids oc- 
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Fig. 2.4. Cell cycle of a dividing mammalian 
cell. In the phase the diploid chromosome 
set (2 n) is present once. After DNA syn- 
thesis (S phase) the diploid chromosome set 
is present in duplicate (4 n). M, Mitosis; 

DNA content during mitosis. See text 
for details 
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Fig. 2.5. Sister chromatid exchanges in a normal human me- 
taphase. Arrows, locations of sister strand exchanges. (Cour- 
tesy of Dr. T. M. Schroeder-Kurth) 

curs even in the presence of colchicine. In the last phase of 
mitosis, telophase, chromosomes are decondensed, spindle 
fibers disintegrate, the tubulin is stored in the cell, a new nu- 
clear membrane is formed, and cell division begins. Chromo- 
somes can most easily be examined in metaphase. 

2.1. 2.2 Preparation and Staining 

of Mitotic Metaphase Chromosomes 

Preparation. [48, 62, 119] In principle, chromosome prepara- 
tions can be made from all tissues and all suspensions that 
contain mitoses. In humans, direct preparations from bone 



marrow and preparations from short-term blood cultures or 
from long-term fibroblast cultures or other growing cells 
can be used. The most convenient technique is blood culture, 
as blood from patients is easily available, whereas bone mar- 
row puncture or skin biopsy for fibroblast cultivation is 
more invasive and unpleasant. Bone marrow preparations 
have the advantage that in vivo mitoses can be examined di- 
rectly without delay. 

The blood of healthy individuals contains no dividing cells. 
Therefore cell divisions must be stimulated artificially. This 
is possible, for example, by phytohemagglutinin (PHA). One 
hour after PHA incubation of a blood sample, the small (T) 
lymphocytes show RNA synthesis, and about 24 b later 
DNA synthesis follows. The leukocyte suspension is grown 
in a culture medium for 72 h, and then chromosome pre- 
parations are made. To arrest as many cells as possible in 
the prometaphase or metaphase, spindle formation is pre- 
vented by a drug with colchicine-like effect, preferably colce- 
mid. Under special conditions, culture time may be reduced 
to 48 h. 

To obtain preparations in which the chromosomes are spread 
out in one plane, the cells are treated for a short time (10- 
30 min) with a hypotonic solution. The cells are then fixed 
with ethanol and acetic acid; a drop of the cell suspension is 
placed on the slide, air-dried, and stained. 

Bone marrow preparations require sternal or iliac crest punc- 
ture. Cells are cultivated for only about 2 h with colcemid. 
Preparation differs in some details from that described above. 
Fibroblast cultures are prepared from skin biopsies, and the 
skin is minced into very small pieces and grown in culture 
medium in such a way that the tissue particles stick to the 
surfaces. After about 10 days cells start growing on these sur- 
faces and after about 21 days, are brought in suspension, pre- 
pared, stained, and examined. 

Staining. The simplest staining methods use Giemsa solution, 
2% acetic orcein, or 2% karmin solution. These dyes stain the 
entire chromosome uniformly and intensively. To obtain a 
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Fig. 2.6. Mitosis. Only 2 of the 46 chromo- 
somes are drawn. See text for details. (Cour- 
tesy of Dr. W. Buselmaier) 
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more detailed picture of chromosome structure and to identi- 
fy' single chromosomes or chromosome segments, banding 
methods are used. 

Banding Methods. Caspersson et al. [13] discovered that fluor- 
escence of chromosomes after quinacrine mustard staining 
shows a distinctive sequence of bands for each chromosome. 
Each human chromosome could be identified by this staining 
method. Soon afterward, it was shown that very similar 
banding patterns could be elicited by Giemsa staining with 
certain additional techniques. 

At the Paris conference in 1971 on standardization and no- 
menclature of chromosomes [92], all the data available at 
that time were compared. It turned out that all methods re- 
vealed the same structures, although some techniques ex- 
posed some chromosome segments more clearly, while others 
worked better with other segments. 

Available Methods [25]. The various types of bands were 
named after the techniques by which they are revealed most 
clearly. 

a) Q bands (quinacrine) are the fluorescing bands visible after 
staining with quinacrine mustard or similar compounds. 

b) G bands (Giemsa) are revealed by Giemsa staining with 
various additional techniques, which insure that only the 
most readily staining chromosome segments take up the 
dye. Q and G bands are identical. 

c) R bands (reverse) are stained after controlled denatura- 
tion by heat. They are located between the Q or G bands, 
behaving as a photographic negative in relation to its po- 
sitive image. 

d) C bands (constitutive heterochromatin) are localized in 
the pericentromeric regions. 

e) T bands (telomeric) mark the telomeric regions of chro- 
mosomes. 

For references regarding techniques, see [127]. 

Differences Revealed by the Banding Methods. The 
chemical differences revealed by the banding methods 
are still under investigation. Two main hypotheses are 
usually discussed: the DNA hypothesis and the protein 
hypothesis. The DNA hypothesis is based on the ob- 
servation that various parts of human chromosomes 
differ in their content of A-T (adenine-thymine) and 
G-C (guanine-cytosine) base pairs. Quinacrine is at- 
tached mainly to A-T rich segments [25, 90]. The pro- 
tein hypothesis, on the other hand, is based on the ob- 
servation that proteolytic treatment induces the ap- 
pearance of G bands. Different kinds of DNA are 
linked in the chromosome to different protein species. 
The banding pattern probably depends on properties 
of the combined DNA-protein complex. 

A number of functional differences have been worked 
out between Q bright (G dark) and Q dark (G bright) 
bands (from [127] ) (Table 2.1). 

Silver Staining of Nucleolus Organizer Regions [42, 114, 118]. A 
silver staining method is specific for the nucleolus organizer 
regions. They appear as black dots on the yellow-brownish 



Table 2.1. Characterization of human G dark and G bright 
bands 



G bright 


Gdark 


Lower AT/GC ratio 


Higher AT/GC ratio 


Rich in SINE repeats and 


Rich in LINE repeats 


Alu sequences (see Sect. 
3 . 1 . 1 . 1 ) 


(see Sect. 3 . 1.1.1) 


Early replicating 


Late replicating 


Correspond to pachytene 


Correspond to pachytene 


interchromo meres 


chromomeres 


Contain “housekeeping” 


Genes tend to be tissue 


genes 


specific 


Rich in transcribed genes 


Sparse genes, simple 
sequence DNA 



The bands have been maintained amazingly well during evo- 
lution (Sect. 14.2.1), and chromosome breaks occur mainly 
near the borders of bands. The order within chromosomes, 
which is represented in part by the bands, appears to be 
much more far-reaching than shown in Table 2.1. We return 
to this problem in later chapters (see Saitoh and Laemmli 
1994 [108]). 

background of the chromosomes (Fig. 2.7). Only those nu- 
cleolus organizers are stained that were functionally active 
during the preceding interphase [118]. Methods of “chromo- 
some painting (FISH) are described in Sect. 3.I.3.3. 

Chromosomes from Human Spermatozoa. A method has been 
described for making chromosome preparations directly 
from human spermatozoa by inducing mitoses through their 
incubation with zona pellucida-free golden hamster oocytes 
[106] which has been used to study human spermatozoa 
[76]. Since no fertilization takes place, the mixing of human 
sperm and hamster eggs is ethically entirely acceptable. 



2 . 7 . 2.3 Normal Human Karyotype 

in Mitotic Metaphase Chromosomes 

Banding Techniques. The human karyotype stained 
with a number of banding techniques is shown in 
Fig. 2.8. Every chromosome can be identified. Fig- 
ure 2.10 gives a schematic representation of G or 
Q bands, together with the number assigned to every 
band. The single chromosomes, together with their 
most frequently observed “normal” variants, may be 
described as follows [54]: 

Individual Characterization of Human Chromosomes. 
Group A (nos. 1-3). Large, metacentric and submeta- 
centric chromosomes; no. 1 is the largest metacentric 
chromosome. The centromere is in the middle, the 
centromere index (length of short arm divided by to- 
tal chromosome length x 100) being 48 or 49. Close 
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Fig. 2.7. Silver staining (arrows) of the 
nucleolus organizer regions of acro- 
centric chromosomes. (Courtesy of 
Dr. T. M. Schroeder-Kurth) 



to the centromere, in the proximal part of the long 
arm, a “secondary constriction” is found fairly fre- 
quently. This constriction causes the occasional elon- 
gation of the long arm (Fig. 2.9). The extended seg- 
ment may be very thin compared to the rest of the 
chromosome, suggesting “uncoiling” of the chroma- 
tid supercoil characterizing the metaphase chromo- 
somes. This “uncoiler” phenomenon, as all individual 
variants of chromosome morphology, is transmitted 
to all cells, including about one-half of the germ cells, 
thus fulfilling the formal requirements of a simple 
dominant mode of inheritance. This “uncoiler-i lo- 
cus” was utilized to map the Duffy locus to chromo- 
some 1 (Sect. 5.1.2). The secondary constriction shows 
little fluorescence with Q banding, but it does show a 
dark G band. 

The largest submetacentric chromosome is no. 2. 
Chromosome 3 is about 20% shorter than no. 1 and 
can therefore be distinguished easily. With Q band- 
ing, the proximal part of the long arm shows a 
brightly fluorescent band. The intensity of fluores- 
cence varies strikingly between different individual 
chromosomes but is constant for the same chromo- 
some. 

Group B (nos. 4, 5). Large, submetacentric chromo- 
somes. R and G banding shows striking differences 
between these two chromosomes. 



Group C (nos. 6-12). Medium-sized, submetacentric 
chromosomes. Chromosomes 6, 7, 8, 11, and 12 are re- 
latively submetacentric; no. 9 frequently shows a sec- 
ondary constriction in the proximal part of its long 
arm. All chromosomes can definitely be identified by 
Q or G banding. The secondary constriction in no. 9 
stains neither with quinacrine nor with Giemsa stain. 
Chromosomes 11 and 12 show very similar patterns. 

In contrast to the other chromosomes of this group, 
the X chromosome varies considerably in length. In 
general, it is similar to the longer C chromosomes. 
In female cells, one of the two X chromosomes still 
replicates in the late S phase, whereas replication of 
the other C chromosomes is complete except for 
short segments. 

Group D (nos. 13-15). These acrocentric chromo- 
somes look quite different from other human chro- 
mosomes. All three pairs may have satellites; their 
short-arm region shows strong interchromosomal 
variability. The proximal short arms are of varying 
length, satellites may be lacking or especially large; 
they may or may not show fluorescence; in some 
cases, double (tandem) satellites are observed. The 
long arms of all three D chromosomes are clearly dis- 
tinguishable by Q and G banding. The following cri- 
teria are used for definition of variants in the D- 
G groups: The length of a short arm is compared 
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Fig. 2.8. Karyotype of a human male stained conventionally patterns; G banding; R banding; C banding. (Courtesy of Dr. 
and using different banding techniques. From left to right, T. M. Schroeder-Kurth) 

conventional staining; schematic representation of banding 
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Fig. 2.8. (continued) 
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Fig. 2.9. Chromosome 1: comparison of G and R banding 
with schematic representation. (Courtesy of Dr. T. M. Schroe- 
der-Kurth) 



with that of the short arm of no. 18 from the same 
cell. Normally it is shorter. It is called long (ph + ), 
if it is as long as the short arm of no. 18, and very 
long, if it is longer. Large satellites are called (ps + ), 
double satellites (pss), shortened short arms with or 
without satellites (ph - ). The frequency of D group 
heteromorphism (See next section) has been given 
as 3.7% (8 of 216) with banding techniques and 2.3% 
(411 of 24440) without banding techniques [422] 
(Fig. 2.12). 

Group E (nos. 16-18). Relatively short, metacentric or 
submetacentric chromosomes. In general, its total 
length is normally somewhat more than one-third of 
no.i but shows striking variations. The long arm 
shows a secondary constriction in about 10% of all 
cases. The length of a proximal G band varies with 
this constriction. Chromosome 18 is about 5%-io% 
shorter than no. 17 and has shorter long arms (cen- 





Fig. 2.10. Banding patterns according to the 
Paris nomenclature (G, Q, and R banding). 
Black, positive G and Q bands and negative R 
bands; hatched, variable regions. (From Paris 
Conference 1971 [92]; see, however Fig. 2.14) 
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Fig. 2.11. Heteromorphism of constitutive heterochromatin at 
the secondary constrictions of chromosomes i, 9, and 16, C 
banding. (From Koske-Westphal and Passarge 1974 [62] ) 




Fig. 2.12. Heteromorphism of acrocentric marker chromo- 
somes of group D or G. First row, normal D and no. 18 chro- 
mosomes for reference. Second row, Dp -1- : short arms at 
least as long as the short arms of a no. 18 chromosome; 
p -h s: normal-sized satellites on elongated short arms, third 
row, D, chromosomes with structural variations of the satel- 
lite region, ss, double satellites; s + , enlarged satellites; st, en- 
larged satellite stalks. (From Zankl and Zang 1974 [138] ) 



tromeric index 31 in no. 17 as compared with 26 in 
no. 18); no. 17 replicates early, no. 18 late. 

Group F (nos. 19, 20). Banding patterns of these small 
chromosomes are distinctively different. 

Group G (nos. 21, 22). These small acrocentric chro- 
mosomes can easily be distinguished by their band- 
ing patterns. The variability of their short-arm region 
is quite as large as that of D chromosomes. The same 
variants as in D chromosomes are usually distin- 
guished (Fig. 2.12). Satellites and short arms may 
show weak, moderate, or strong fluorescence and G 
banding. A small percentage have an elongated short 
arm. Other variants - such as giant satellites, elonga- 
ted and shortened short arms - are much rarer. The 
short arms of D and G chromosomes contain the nu- 
cleolus organizer regions that are stained specifically 
by the silver method. 




Fig. 2.13 a-d. Quinacrine mustard stainings of different cell 
nuclei of chromosomally normal men. a Buccal smear. The 
Y chromatin appears as a double structure, b Granulocyte 
from a blood smear. The Y chromatin is protruding as a 
small appendage, charge lymphocyte from a blood smear, 
d Sperms. The Y chromatin is found near the border of the 
strongly fluorescent part of the sperm head (x 2400). (From 
Schwarzacher and Wolf 1974 [119] ) 

The Y chromosome is usually but not always larger 
than the G group chromosomes. The long arm shows 
individual and transmissible variations in length. It 
shows distal brilliant fluorescence after quinacrine 
staining. In most cases two strongly fluorescing 
bands - in some rare cases even three - can be distin- 
guished. In a population study, striking variants in 
length were found in 5.6% of 2444 newborns. In 
most cases the Y chromosome was elongated; in 5%, 
it was longer than an F chromosome, and in 0.33% 
longer than no. 18; 0.25% of the sample had very 
small Y chromosomes. 

The distally brilliant fluorescent part of the long arm 
of the Y chromosome can be identified in the inter- 
phase nucleus as a bright dot about 0.3-1.0 pm in 
diameter. Figure 2.13 shows this “Y chromatin” in an 
epithelial cell, in a granulocyte, in a large lympho- 
cyte, and in sperms [119]. 

Measurements of mitotic chromosomes meet with 
some difficulties, as the centromere position cannot 
always be determined accurately. A set of rules was 
laid down at the Paris conference in 1971 [92] Ta- 
ble 2.2 contains some typical measurements. 

Chromosome Heteromorphisms. As mentioned in the 
description of single chromosomes, these do not al- 
ways appear completely identical in all individual 
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Table 2.2. Measurements of relative length (percentage of to- 
tal haploid autosome length) and centromere index (length 
of short arm divided by total chromosome length x 100): 
chromosomes stained with orcein or the Giemsa 9 method 
and preidentified by Q band patterns (From Paris Conference 

1971) [449] 



Chromo- 
some no. 


Relative length 


Centromere index 


1 


8,44 ± 0.433 


48.36 ± 1.166 


2 


8.02 ± 0.397 


39.23 ±1.824 


3 


6.83 ±0.315 


46,95 ± 1,557 


4 


6.30 ± 0.284 


29,07 ± L867 


5 


6.08 ± 0.305 


29,25 ± 1,739 


6 


5.90 + 0.264 


39,05+ 1.665 


7 


5.36 + 0.271 


39,05 ± 1.771 


X 


5.12 ±0.261 


40,12 ±2,117 


8 


4.93 ±0,261 


34.08+ 1,975 


9 


4,80 ± 0,244 


35.43 ± 2.559 


10 


4,59 + 0,221 


33.95 ± 2.243 


11 


4,61 ±0,227 


40. 14 ±2.328 


12 


4,66 + 0,212 


30.16 + 2.339 


13 


3,74 + 0,236 


17.08 ±3.227 


14 


3,56 ± 0,229 


18.74 ±3.596 


15 


3,46 ±0,214 


20.30 ±3.702 


16 


3,36 ±0.183 


41.33 ±2.74 


17 


3.25 ±0.189 


33.86 ±2.771 


18 


2.93 ±0.164 


30.93 ± 3,044 


19 


2.67 ±0.174 


46,54 + 2,299 


20 


2.56 ±0.165 


45,45 ± 2,526 


21 


1.90 ±0.170 


30,89 ± 5,002 


22 


2.04 ±0.182 


30,4814,932 


Y 


2.15 ±0,137 


27,1713.182 



Data from 95 cells from 11 normal subjects (six to ten cells per 
person). Average total length of chromosomes per cell: 
176 pm. Standard deviations are an average of the standard 
deviations found in each of 11 subjects (six to ten cells per 
subject). 



members of a population. Chromosome “hetero- 
morphisms” are observed especially in the satellite 
regions of acrocentric chromosomes, in the length 
of the Y heterochromatic part, and in the “secondary 
constrictions” of chromosomes 1 and 9. However, 
they also occur in heterochromatic segments of 
other chromosomes (for heterochromatin, see 
Sect.3.1.1.2). In aneuploidies they have been used for 
identification of the parental origin of a chromo- 
some (Sect. 9.2.3). In a number of chromosomes, fra- 
gile sites have been discovered, i.e., chromosome 
sites showing an increased risk of chromosome or 
chromatid breaks. Such breaks are especially easily 
induced by folic acid depletion of the culture med- 
ium [54]. A fragile site on the tip of the long arm of 
the X is of particular interest, being associated with 
a characteristic form of mental retardation 
(Sect. 15.2.1.2). 



High-Resolution Banding [49]. Chromosomes in pro- 
phase and prometaphase are less tightly condensed 
than metaphase chromosomes. By suitable treatment 
of lymphocyte cultures with methotrexate for partial 
synchronization of cell cycles, a stage in which a rela- 
tively high number of cells are in prophase or prome- 
taphase can be selected for preparation. Shortening 
of Colcemid treatment helps to decrease the degree 
of condensation. In such a preparation, single bands 
as revealed by standard methods can be resolved 
into subbands. The degree of resolution depends on 
the stage at which the cell has been picked. Some au- 
thors have described up to 2000 bands [137]; about 
800-1200 bands can normally be seen in late pro- 
phase [36] (Fig. 2.14). The method cannot replace 
standard methods in routine diagnosis; it is, however, 
useful for more precise identification of breakpoints 
and small aberrations, such as in families with ba- 
lanced and unbalanced translocations, or particularly 
in tumor cytogenetics. 

Electron-Microscopic Images of Human Chromosomes [ 107 , 
117 ]. A number of methods in electron microscopy have been 
used to gain insight into the overall structure of human chro- 
mosomes. Present models of the organization of genetic mate- 
rial in eukaryotes are discussed in Sect. 3 . 1 . 1 . 5 . The evidence 
from electron microscopy does not contradict models assum- 
ing a chromatin thread that is supercoiled in several orders. 
Three types of fibrils have been found: one has a diameter of 
approx. 250 A, a second measures about 100 A, and a third 
only 30-50 A. There seems to be good evidence that the latter 
fiber is the genetically active chromatin. A pure DNA double 
helix has a diameter of approx. 20 A; hence 30-50 A corre- 
sponds to a DNA fiber together with proteins (histone and 
nonhistone). The 100 A fiber seems to be a secondary coil of 
the 30-50 A fiber, and the 250 A fiber may be a tertiary coil. 
Probably about nine of the 250 A fibers are somehow bundled 
together, and two of these bundles seem to again form a coiled 
structure that can be discerned in appropriate electron-micro- 
scopic pictures and seems to be characteristic for each chro- 
mosome [ 107 ]. In some preparations, relics of a membrane, 
presumably the nuclear membrane, are seen. Some investiga- 
tors regard these as evidence that the interphase chromo- 
somes are fixed to the membrane at various points. In view of 
the numerous steps of preparation for electron microscopy, it 
is difficult to decide whether these - or other - details reflect 
in vivo structure or are merely preparative artifacts. 



2.1. 2.4 Meiosis 

Biological Function of Meiosis. While in the usual 
type of cell division, or mitosis, the number of divi- 
sions in daughter cells remains constant, the meiotic 
process is designed to reduce the number of chromo- 
somes from the diploid number (46 in humans) to 
one-half this number (23 in humans). Fertilization of 
two germ cells, each with the haploid number, recon- 
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Fig* 2,14, Human chromosomes with - 850 bands. Relative lengths of chromosomes and bands are based on exact measurementsi intensity of bands indi- 
cated by variable shading is based on quantitative density measurements, (From Francke 1994 I36]) 
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PREMEIOTIC MITOSIS 



LAST S- phase 

DNA REPLICATION LEPTOTENE ZYGOTENE 




Fig. 2.15. The stages of meiosis. Blacky paternal; white, maternal chromosomes. The figure depicts male meiosis; in female 
meiosis, polar body formation occurs 



stitutes the diploid number of 46 in the zygote and in 
all of its descendant cells. Chance alone determines 
which of two homologous chromosomes ends up in 
a given germ cell. Genetic variability is thus en- 
hanced. The somatic cell is diploid, containing both 
members of a pair of homologous chromosomes 
(2 n), whereas the germ cell is haploid, containing 



only one of each pair (n) The last regular DNA syn- 
thesis occurs during the interphase before the first 
meiotic division and precedes the meiotic phases 
shown in Fig. 2.15. 

Meiotic Division I. Prophase I: Long chromosome 
threads become visible (leptotene) followed by 
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pairing of homologous chromosomes, frequently 
from the chromosome ends (zygotene). The exact 
molecular mechanism of chromosome pairing is 
not yet known. The paired homologous chromo- 
somes are connected by the so-called synaptonemal 
complex, a characteristic double structure. After 
completion of pairing, the chromosomes become 
shorter through contraction (pachytene). A longitu- 
dinal cleft in each pair of chromosomes then be- 
comes visible; four chromatids of each kind are 
seen side by side (diplotene). Non-sister chroma- 
tids are separated, while sister chromatids remain 
paired. In this phase, chromatin crossings - “chias- 
mata” - between non-sister chromatids become 
visible. 

Metaphase I: The chromosomes are ordered in the 
metaphase plane as the centromeres are drawn to 
the poles. The homologous chromosomes are drawn 
somewhat apart but are still kept together by the 
chiasmata, frequently at the ends. 






Fig. 2.16 a-c. Crossing over and chiasma formation, a Homo- 
logous chromatids are attached to each other, b Crossing over 
with chiasma formation occurs, c Chromatid separation 
occurs 



Anaphase I: The chiasmata are first “terminalized,” 
i.e., they seem to migrate to the chromosome ends 
and are then resolved. The paired chromosomes sep- 
arate and migrate to the opposite poles. The daughter 
nuclei are formed (interkinesis). 

Meiotic Division II. This is in principle a mitotic di- 
vision of the replicated haploid set of chromo- 
somes. As noted above, meiosis begins after repli- 
cation. The genetic material, which during divi- 
sion I becomes fourfold (2x2 homologous chromo- 
somes) is, at the completion of division II, ordinari- 
ly distributed to four cells. A second, important as- 
pect of meiosis is the random distribution of non- 
homologous chromosomes, which leads to a very 
large number of possible combinations of possible 
germ cells. In humans with 23 chromosome pairs, 
the number of possible combinations in one germ 
cell is 2^3 = 8388608. The number of possible com- 
binations of chromosomes in an offspring of a giv- 
en pair of parents is 2^^ x 2^^ and is further en- 
hanced by crossing over during pairing of homolo- 
gous chromosomes. The morphological counterpart 
of crossing over is chiasma formation. Every chias- 
ma corresponds to one crossing over event invol- 
ving two non-sister chromatids (Fig. 2.16). For 
some time, it was disputed whether crossing over 
occurs during regular DNA synthesis - by “copy 
choice” - or after regular DNA synthesis - by 
breakage of non-sister chromatids at homologous 
sites and subsequent crosswise reunion (Fig. 2.17). 
The controversy now appears to be resolved in fa- 
vor of the exchange hypothesis. Prophase I shows 
no regular, but much unscheduled DNA synthesis, 
which could easily indicate the reunion phase of 
crossing over. 



Breakage; reunion 








exchange of pairing partners 

Fig. 2.17. Breakage and reunion of nonsister chromatids in 
crossing over 
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Fig. 2 . 18 . Meiotic metaphases I (diakinesis) of a male with 
clearly visible XY bivalent. Arrows, chiasmata (From Kjessler 
1966 ) 



Meiosis in the Human Male, From the beginning of 
puberty human spermatocytes continuously undergo 
meiosis. After the second meiotic division DNA and 
mitochondria are densely packed during sperm de- 
velopment, and the sperm acquires the ability to 
move actively. 

Male diakinesis chromosomes are seen in Fig. 2.18. 
The homologous chromosomes are still close to- 
gether at the ends, whereas the centromeric regions 
have already started on their way to the poles. The 
sex bivalent is clearly distinguished from all the oth- 
ers by end-to-end association of the X and Y chromo- 
somes. No chiasma formation can be seen. During 
pachytene and prophase the sex bivalent is already 
prematurely condensed and contained in a “sex vesi- 
cle.” Part of the short - arm region of the X chromo- 
some and the short arm of the Y are paired (Fig. 2.19), 
and hybridization studies with DNA probes have 
shown these regions to be structure-homologous. 
Male meiotic chromosomes can now be studied in 
great detail by cytogenetic methods [14]. Female 
meiotic chromosomes have been studied extensively 
by the FISH technique (see Sect.3.1.3.3) [15]. 




Fig. 2 . 19 . Pairing of the human X and Y chromosomes in ear- 
ly meiosis: pairing of short arms (lower left) and tips of long 
arms (upper left). Left, Y chromosome. (Courtesy of 
A. C. Chandley) 



Genes located on a common segment of the X and Y 
chromosome would be indistinguishable from auto- 
somal genes if free recombination occurred between 
them. Such “pseudoautosomal” DNA sequences with 
X and Y linked alleles have been identified [12, 105]. 
Haldane in 1936 [46] suggested the existence of in- 
complete sex linkage caused by occasional crossovers 
between X and Y for some human genes postulated 
to reside on a common X and Y chromosomal seg- 
ment. However, no plausible evidence for such partial 
sex linkage in humans exists. In recent years the pseu- 
doautosomal segment of X and Y chromosomes has 
been studied extensively, and a number of genes have 
been identified [101]. We return to these data below. 
The range of variation and the average number of 
chiasmata per cell are given in Table 2.3. Some biva- 
lents may contain several, up to five or even six, 
chiasmata. From the number of chiasmata the genetic 
map length (Sect. 5.1.2) of the human genome has 
been estimated to be approx. 25.8 M in the male; it is 
longer but cannot be estimated in the female [82] be- 
cause suitable chromosomal preparations are not 
available. In the house mouse, the only other mam- 



Table 2 . 3 . Number of chiasmata in male meiosis ( 1 st divi- 
sion) 



No. 

indi- 

viduals 


Age 


No. 

of 

ceUs 


Chiasmata/celi 


Chiasmata/ 


range 


Range 


Mean 


bivalent, 

mean 


48 


15-79 


817 


39--64 


54.4 


2.36 



Data from various authors (see Hamerton 1971 [ 48 ] ). 
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mal for which an estimate is available, map length is 
estimated to be between 16.2. and 19.2 M [48]. (One 
morgan, M, is the unit of map distance between 
linked genes; this unit measures recombination fre- 
quencies. One centimorgan, cM, means 1% recombi- 
nation and equals the crossover frequencies between 
genes.) 

Meiosis in the Human Female. In all mammals, oo- 
genesis differs substantially from spermatogenesis; 
the overall timing is described in Fig. 9.13, 9.14; Sect. 
9.3.3. Figures 2.20 and 2.21 show the cell processes 
(see also [64]). The oocytes are already formed in 
the late embryonic stage; after the diplotene, the cell 
enters a stage in which the chromosomes have a 
lampbrushlike appearance (dictyotene). Meiosis re- 



mains arrested at this stage for many years. After 
birth, most oocytes degenerate. After puberty, some 
oocytes start growing, finish the first meiotic divi- 
sion, and enter prophase II and metaphase II. At the 
same time, the egg is ovulated. Meiosis is finished 
only after fertilization. Nuclear membranes are 
formed around the haploid male and female chromo- 
some sets in the fertilized egg, and the zygote now 
contains two “pronuclei.” At this stage it is especially 
susceptible to disturbances, for example, by muta- 
genic agents (Sect. 11.1.3). Several hours later the two 
pronuclei fuse to form a diploid nucleus, and the zy- 
gote starts dividing. 

Study of female meiotic chromosomes is difficult, 
and few satisfying pictures have been published. 
Linkage analysis has shown crossing over in females 




Fig. 2.20. Mitosis and meiosis in the human female. Until the 
3rd month only mitotic divisions are to be seen (A, inter- 
phase; By metaphase; C, anaphase). Then the first meioses be- 
come visible (D, leptotene; E, zygotene). Until the 7th month 
new oocytes enter meiosis. The first pachytene (F) and diplo- 
tene (G) stages are observed in the 7th month. Meiosis does 



not proceed any further. Instead, the tetrads are again stretch- 
ing, a nuclear membrane and a nucleolus are formed, and the 
cell enters a “resting phase,” the dictyotene (H). The function 
of the cells (I) around the oocytes is nutritional; they will later 
form follicles in which oocytes are embedded. (From Ohno et 
al. 1962; see also Bresch and Hausmann 1972) 



Human Cytogenetics: A Successful Late Arrival 




Fig. 2.21. Meiosis in the human female. Meiosis starts after 
3 months of development. During childhood the cytoplasm 
of oocytes increases in volume, but the nucleus remains un- 
changed. About 90% of all oocytes degenerate at the onset 
of puberty. During the first half of every month the luteiniz- 
ing hormone (LH) of the pituitary stimulates meiosis which 
is now almost completed (end of the prophase that began 
during embryonic age; metaphase I, anaphase I, telophase I 



to be more frequent than in males (Sect. 5.1.2). Hence, 
more chiasmata should be expected. 

In females, only one of the four meiotic products de- 
velops into an oocyte, the others becoming polar 
bodies that under normal conditions are not ferti- 



and - within a few minutes - prophase II and metaphase II). 
Then meiosis stops again. A few hours after metaphase I is 
reached ovulation is induced by LH. Fertilization occurs in 
the fallopian tube. Then the second meiotic division is com- 
pleted. Nuclear membranes are formed around the maternal 
and paternal chromosomes. After some hours the two “pro- 
nuclei” fuse, and the first cleavage division begins. (From 
Bresch and Hausmann 1972) 



lized. It is usually assumed that the risk of a chromo- 
some being discarded in a polar body is unrelated to 
its genetic properties. This assumption is correct for 
most gene mutations, as shown by their undisturbed 
segregation ratios (50 : 50, 25 : 75, etc.). In structural- 
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ly abnormal chromosomes disturbances of their seg- 
regation into germ cells may be explained by nonran- 
dom expulsion of normal and abnormal chromo- 
somes into the polar body. 

Sex Difference in Meiosis. There are two principal as- 
pects by which meiosis differs in males and fe- 
males: 

1. In males all four division products develop into 
mature germ cells, whereas in females only one of 
them becomes a mature oocyte, while the others 
are lost. 

2. In males, meiosis immediately follows a long series 
of mitotic divisions; it is completed when sperma- 
tids start developing into mature sperms. In fe- 
males, meiosis begins at a very early stage of devel- 
opment, immediately after a much smaller series of 
mitotic divisions. It is then arrested for many years 
and is only finished after fertilization. 

These sex differences are important in human genet- 
ics. The fact that only one of the four division pro- 
ducts develops into a mature oocyte, and the three 
polar bodies contain little or no cytoplasm enables 
this oocyte to transmit to the new zygote a full set of 
cytoplasmic constituents such as mitochondria and 
messenger RNA (Chap. 8). These differences in cell ki- 
netics are probably responsible for sex differences in 
mutations rates for trisomies, on the one hand, and 
point mutations, on the other (Chap. 9; Sect. 10.1). 



22 Human Chromosome Pathology 

2.2.1 Syndromes Due to Numeric Anomalies 
of Autosomes 

Mechanisms Creating Anomalies in Chromosome 
Numbers (Numerical Chromosome Mutations) 
(Fig. 2.22). Anomalies in chromosome numbers may 
be caused by various mechanisms: 

a) The most important mechanism is nondisjunc- 
tion. Chromosomes that should normally be sepa- 
rated during cell division stick together and are 
transported in anaphase to one pole. This may oc- 
cur at mitotic division but is observed more fre- 
quently during meiosis. The exact reasons are un- 
known, but in humans the acrocentric chromo- 
somes run a higher risk of being involved 
(Sect. 9.2). Meiotic nondisjunction was discovered 
by Bridges in 1916 in Drosophila [10]. For every 
gamete with one additional chromosome, another 
one is formed with one less chromosome. After 
fertilization with a normal gamete the zygote is ei- 



ther trisomic or monosomic. Somatic nondisjunc- 
tion in mitotic cell division during early develop- 
ment may lead to mosaics with normal, trisomic, 
and monosomic cells. 

b) A second mechanism leading to numerical ab- 
normalities is loss of single chromosomes, pre- 
sumably due to “anaphase lagging” when one 
chromosome may lag behind the others. Chromo- 
some loss leads to mosaics with one euploid and 
one monosomic cell population. In the mouse the 
pronucleus stage, i. e., the time between impregna- 
tion and fusion of the two haploid parental nuclei, 
is especially susceptible to loss of the paternal X 
chromosome. This phase, and possibly the first 
cleavage stages, presumally are equally vulnerable 
in humans, since many mosaics are formed dur- 
ing these stages (Sect. 9.2.3). 

c) A third mechanism is polyploidization. Here all 
chromosomes are present more than twice in ev- 
ery cell. In humans, except for tumor cells, only 
triploidy is observed. The chromosome number 
is 3 n = 69. 

An abnormal number of chromosomes in a cell (an- 
euploidy) increases the risk of further irregularities, 
such as chromosome loss due to anaphase lagging in 
subsequent cell divisions. For many mosaics with 
two cell populations of equal proportions, one triso- 
mic and one euploid, this is the most plausible expla- 
nation (Sect. 9.2.3). The partnerless chromosome 
seems to interfere in these cases with normal chro- 
mosome pairing. 

Down Syndrome. With an incidence at birth of 1-2/1000, 
Down syndrome is the most frequent chromosome aberra- 
tion syndrome in humans, and a common condition encoun- 
tered in genetic counseling services. Figure 2.23 demonstrates 
how physical differences between the three main racial 
groups are overshadowed by the similarity due to this syn- 
drome. Figure 2.24 represents schematically the most fre- 
quent clinical symptoms. The following observations on 
Down syndrome are important: 

a) The condition is a well-defined syndrome. In spite of ap- 
preciable variability of signs, the clinical diagnosis is rare- 
ly in doubt for experienced clinicians. 

b) Its frequency increases with the age of the mother. 

c) In most cases, affected individuals are the only ones with 
the condition in an otherwise healthy family; in a small 
minority of families more than one case is observed. 

d) Monozygotic (MZ) twins are usually concordant, while 
the great majority of dizygotic twins are discordant. This 
rule, however, has exceptions: Discordant MZ pairs occa- 
sionally occur [22]. This is probably caused by chromo- 
some loss in the cells forming one of the twins. 

e) Males with Down syndrome have no children. However, at 
least 17 women with this syndrome have reproduced. 
Among their 19 children, including one pair of MZ twins, 
seven had Down syndrome, eight were normal, two were 
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Fig. 2.22. Nondisjunction of the X chromosome in the first zation by a normal Y sperm. An XXY individual can result 

(left) and second (right) meiotic division in a woman. Fertili- from either first or second meiotic division nondisjunction 



retarded without Down syndrome, one was stillborn with- 
out signs of Down syndrome, and two stillborn MZ twins 
with normal karyotypes were counted as one individual. 
All mothers and affected children in whom chromosome 
examinations were carried out showed the standard kar- 
yotype 47,21 -h ; one of the retarded children without 
Down syndrome had a normal karyotype 46, XY. 

f) Life expectancy of the patients is reduced [96]. In an Aus- 
tralian sample published in 1963 [17], 31.1% had died by 
the end of their 1st year and 46% by the end of the 3rd. 
Life expectancy is reduced in later life as well. All these 
patients develop amyloid plaques in the brain in middle 
age, consistent with Alzheimer’s disease and exhibit the 
resultant dementia. Moreover, infections appear more 
commonly, suggesting defects in immune defense. Conge- 
nital cardiac anomalies are also increased. With antibiotic 
therapy and heart surgery, the patients are now surviving 
much longer (Fig. 2.25). 

g) Expressivity of phenotypic features is variable. Congenital 
heart disease, for example, is present in some but not all 



patients, and the same is true for many other clinical 
signs (Fig. 2.24). This increased variability of phenotypic 
manifestation is characteristic for all chromosomal aber- 
ration syndromes in humans. 

h) There is a 20-fold increased risk of dying from acute leu- 
kemia. The reasons are unknown. Three different hypo- 
theses come to mind: a higher risk of aneuploidy due to 
mitotic disturbances in blood stem cells, a lower resis- 
tance against infection with a leukemogenic virus, a lower 
efficiency in the function of repair enzymes for which ex- 
perimental evidence is available (Sect. 10.3). 



Discussion of other aspects of Down syndrome: 



- Sect.8A3: 

- Sect 1 a, I; 



- Sect 9.2,2: 

- Sects. 15.2.2.1: 



Gene action 

Genetic counseling, prenatal 
aspects 

Mutation, maternal age 
Psychophysiological aspects 
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Fig. 2.23 a-c. Children with Down syndrome, a European. tures of Down syndrome are more impressive than the racial 

b African-American, c Oriental-European. The common fea- differences. (Courtesy of Dr. T. M. Schroeder-Kurth) 



Growth failure 
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Rat occiput 
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Fig. 2.24. The main clinical findings of Down syndrome 




Broad flat face 
Slanting eyes 
Epicanthus 
Short nose 

Small and arched palate 
Big wrinkled tongue 
Dental anomalies 
Short and broad hands 
Clinodactyly 

Congenital heart disease 
Megacolon 



Standard Karyotype in Down Syndrome. The G chro- 
mosomes of a patient with Down syndrome are seen 
in Fig. 2.26 (G and Q banding). The banding patterns 
of nos. 21 and 22 can be distinguished easily, no. 21 
being the stronger and broader fluorescent and hav- 
ing one to two dark G bands. Chromosome 22 has a 



dark G band at the proximal long arm and a fainter 
band more distally. 

It is now generally acknowledged that every patient 
with this syndrome has the supernumerary chromo- 
some, either as free trisomy 21 or as a translocation 
chromosome formed from a chromosome 21 and an- 
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other chromosome such as no. 21, 22, 13, 14, or 15. Ob- 
servations on some rare cases with reciprocal trans- 
locations suggest that the distal part of the long arm 
of chromosome 21, and especially the band 2iq22, is 
responsible for this phenotype [45]. For example, a 
girl with the tandem duplication of one chromo- 
some 21 except for band 2iq22 (Fig. 2.27) in addition 
to another free no. 21 was moderately mentally re- 
tarded but did not show most of the features of 
Down syndrome. Trisomy only of 2iq22 led to mild 
manifestation of this syndrome [44]. More recently 
numerous cases have been analyzed by cytogenetic 
and molecular methods in which short duplications 
have resulted in partial Down’s syndrome. The re- 
sponsible area can now be identified within about 
400 kb of DNA [127]. DNA sequences apparently re- 
sponsible for parts of the syndrome are seen in 
Fig. 2.28, which also contains data on gene loci loca- 
ted on chromosome 21. 




Fig. 2.25. Man with Down syndrome at the age of 64 (Courte- 
sy of Dr. G. Tariverdian) 



Down syndrome was known as a clinical entity long 
before trisomy 21 was discovered. The other autoso- 
mal chromosome syndromes were buried in the great 
number of multiple malformations and could be sin- 
gled out only after the abnormal chromosome com- 
plement had been discovered. In retrospect, some of 
these syndromes are so singular that they probably 
could have been delineated on purely clinical 
grounds. 

Other Autosomal Trisomies. Patau et al. in i960 [94] 
described the first case of an autosomal trisomy other 
than trisomy 21. This discovery was the result of a de- 
liberate search, which was guided by a hypothesis 
specified by the authors as follows: 

On genetic grounds it was not to be expected that the addi- 
tion of an autosome to the normal complement would have 
a similarly restricted effect (as in X trisomy). Only one type 
of autosomal trisomic has been reported to date, and al- 
though the extra chromosome is one of the two smallest au- 
tosomes . . ., its presence in triplicate results in mongolism. 
... It was to be expected that other autosomal trisomies, if 
they should be at all viable, would also display multiple con- 
genital disturbances. 

Their systematic search along these lines produced 
three cases in which trisomies were found: two in- 
volving trisomy 18 and one with trisomy 13. At the 
same time, trisomy 18 (first incorrectly labeled as tri- 
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Fig. 2.27. a Tandem duplication of one chromosome 21 except 
for band 2iq22 (middle chromosome) in a mildly mentally re- 
tarded child without most signs of Down syndrome. (From 
[44] ) b The abnormal chromosome (left) and, for compari- 
son, two normal no. 21 placed closely opposite each other 
(right). Here, in distinction to the duplication chromosome, 
the band 21422 is visible twice 



Fig. 2.26. D and G chromosomes of a patient 
with Down syndrome. Q and G staining. Note 
the broad G band in the proximal region of 
2ip, which distinguishes no. 21 from no. 22. 
(Courtesy of Dr. T. M. Schroeder-Kurth) 
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Fig. 2.28. Mapping of Down syndrome phenotypes to regions 
of chromosome 21. The maps show the phenotypic effects 
produced by triplication of various segments of the chromo- 
some. Location of various genes, for example: APP, amyloid 
beta precursor protein; SOD, superoxide dismutase 1; CBS, 
cystathionine beta synthase; COLGA1/A2, collagen type VI, 
alpha 1 and alpha 2. (From Therman and Sussman 1993 [127]) 



somy 17) was also discovered by Edwards et al. [27]. 
The main signs and symptoms of both trisomies are 
seen in Figs. 2.29 and 2.30. 

The method of nonradioactive in situ hybridization 
(chromosome painting, Sect.3.1.3.3) makes it possible 



to diagnose these (and other) trisomies not only in 
metaphases but also in interphase cells, as well as 
shown for trisomy 18 (Fig. 3.13). 



Discussion of other aspects of trisomies 13 and 18: 

- Sect. 18.2: Genetic counseling, prenatal aspects 

“ Sect. 9.2; Mutation, maternal age 



In subsequent years all attempts to discover new auto- 
somal trisomy syndromes among newborns failed, 
and these were assumed to be invariably lethal, espe- 
cially as chromosome studies on spontaneous abor- 
tions revealed a variety of other trisomies. Discovery 
of three new syndromes, trisomies 8, 9 and 22, had to 
await development of the banding techniques [1, 58, 
61]. Here, again, the children had severe and complex 
malformations. Trisomies 8 and 9 occur only as mosa- 
ics with a normal cell line in live newborns. These 
three trisomy syndromes are very rare [111]. 

Triploidy. Apart from a doubtful mosaic [7] the first 
discovered cases of triploidy were two aborted fetuses 
[23, 95]. Later, examinations of spontaneous abor- 
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Fig. 2.29. Main clinical findings of trisomy 13 
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Fig. 2.30. Main clinical findings of trisomy 18 



tions confirmed that triploidy is not rare, but a small 
number of cases were also observed among children 
born alive [84]. In 1974, more or less detailed infor- 
mation was available from 275 cases of triploid abor- 
tuses with a gestation time of less than 20 weeks. 
Twenty-two fetuses survived past the fetal age of 
28 weeks; five died in utero, and the others survived 
for only a few hours or days after birth. All children 
surviving for longer than a few days, were triploid- 
diploid mosaics. 

Triploids born alive have low birth weight, large pos- 
terior fontanelles with underdevelopment of the occi- 
pital and parietal skull bones and other nonspecific 
malformations also found in other autosomal aberra- 
tions. Those with 69,XXY karyotypes have grossly 
malformed genitals with a small penis and/or hypos- 
padias, bifid scrotum, and nondescended testicles. 
Some of the mosaics have survived. Their clinical fea- 
tures are not very distinct, but the diagnosis may be 
suspected in mentally retarded children with abnor- 
mal placentas, syndactyly, abnormal genitals, and 
asymmetry. 

Various errors in germ cell formation may lead to tri- 
ploidy (Fig. 2.31). Some cause differences in the ratios 
of XXX, XXY, and XYY individuals among triploids. 
Evidence available so far indicates a high frequency 
of double fertilization or failure of the first meiotic 
division in the oocyte [56, 68]. Among triploid fetu- 
ses two different phenotypes have been identified by 
study of 19 such fetuses [78]. In type I (two cases) 
the fetus is relatively well grown; the head may be 



normal or slightly microcephalic. The placenta is 
large and cystic (hydatidiform mole). The additional 
chromosome complement comes from the father. 
Type II, on the other hand, shows intrauterine 
growth retardation, relative macrocephaly, and a 
small, noncystic placenta. In these instances the ad- 
ditional chromosome complement comes from the 
mother. These results - as many others - point to dif- 
ferent contributions of parental genotypes to em- 
bryonic development (genomic imprinting, see 
Sects. 4.1.7; 8.2). Tetraploidies and tetraploid moles 
have occasionally been observed. These are much 
rarer than triploidies and are not compatible with ex- 
trauterine life [127]. Since identification of individual 
chromosomes with molecular methods has become 
possible, another mechanisms of abnormal chromo- 
somal transmission from parents to children has 
come to attention. Instances of uniparental disomy, 
i. e., origin of both chromosomes of a pair from one 
parent in a diploid individual, have been discovered 
(see Sect. 8.2). 

Mosaics. Individuals with two or more genetically dif- 
ferent cell populations are referred to as mosaics. 
They are found relatively often in numerical chromo- 
some aberrations of the sex chromosomes but also in 
autosomal aberrations. A mosaic may be formed ei- 
ther by mitotic nondisjunction or by loss of single 
chromosomes due to anaphase lagging (Fig. 2.32). 
Frequencies of such mitotic errors have been deter- 
mined for Down syndrome. The risk in trisomic zy- 
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Malsegregation of one 
haploid set from the zygote 
(or later cell stages of the 
fertilized egg) 



Tripolar division of a triploid 
zygote (or later cell stages 
of the fertilized egg) 




Tripolar division of a 
tetraploid zygote (or later 
cell stages of the fertilized 
egg) 
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< Fig. 2.31 a-c. Anomalies in oogenesis, spermatogenesis, or 
fertilization that may lead to triploidy. a In the male, triploidy 
may result from a tetraploid spermatogonium, from a distur- 
bance in the first or second meiotic division (spermatocytes 
or spermatids), or from fertilization by two sperms, b In the 



female the same mechanism may occur as in the male germ 
cells, c Abnormal division of the zygote or later cell stages of 
the fertilized egg giving rise to complete triploidy or mosai- 
cism. (From Niebuhr 1974 [84] ) 



gotes is about 400 times higher than in euploid zy- 
gotes for anaphase lagging, and about 70 times high- 
er for mitotic nondisjunction. These calculations 
were based on relative incidences of different types 
of mosaicism (Sect. 10.1) and on analysis of the ma- 
ternal age effect. 

Mosaics that result from meiotic nondisjunction with 
subsequent loss of the supernumerary chromosome 
due to anaphase lagging are expected to show the 
same increase with maternal age as do standard tri- 
somies. Mosaics that result from mitotic nondisjunc- 
tion, on the other hand, are not expected to show 
any increase of maternal age. Hence, the proportion 
of mosaics due to anaphase lagging may be roughly 
estimated in a large series from comparison of the 
maternal age effect between mosaic and standard tri- 
somies. An exact estimate is made difficult by the fact 
that some mosaics escape diagnosis, unless a very 
large number of cells is counted. Moreover, cases 
with a small number of aberrant cells, and corre- 
spondingly with few or no phenotypic abnormalities, 
are detected only occasionally - mainly if there are 
trisomic cells in their germinal tissue, and hence 
cases with trisomies have occurred among their pro- 




Fig.2.32. Mitotic nondisjunction (a) and anaphase lagging 
(b). a After the homologous chromosomes have doubled to 
form four chromatids, three of them come into one division 
product in the next anaphase; the other division product 
only gets one chromosome, b One chromosome is lost during 
anaphase movement 
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geny. Still, among published mosaics i7%-30% have 
been estimated to be due to mitotic nondisjunction. 
As expected, the maternal age is especially low in 
cases with 34% or fewer trisomic cells among those 
examined [103]. The overall frequency of mosaics 
among all cases with clinical symptoms of Down syn- 
drome is around 2%. Milder cases are more likely to 
be mosaics. Hook has published useful tables to as- 
sess the number of cells that need to be examined to 
determine the extent of mosaicism. 



2.2.2 Syndromes Due to Structural Anomalies 
of Autosomes 

2.2.2. 7 Karyotypes and Clinical Syndromes 

First Observations of Down Syndrome. Once triso- 
my 21 had been identified as the cause of Down syn- 
drome, the obvious question was whether this tri- 
somy is present in all cases. If not, the karyotypes of 
the exceptions would be of great interest. As the risk 
for meiotic nondisjunction was known to increase 
with the age of the mother, and as a single event 
could lead to only one affected offspring at a time, ex- 
ceptions had to be sought primarily among affected 
children of younger mothers and in exceptional 
families with more than one affected patient. 

Polani et al. in i960 [99] examined three such children with 
Down syndrome. In one girl, the first child of a 21-year-old 
mother and 23-year-old father, they found 46 chromosomes. 
There were four normal chromosomes of the G (21, 22) 
group. One chromosome of the D (13-15) group had an elon- 
gated short arm. The authors suspected that one chromo- 
some 21 was translocated to the short arm of the D chromo- 
some. A short time afterward this suspicion was confirmed 
in familial cases. Two healthy mothers of the three patients 
and the common grandmother had only 45 chromosomes 
and only three free G chromosomes. However, one of the D 
chromosomes - the investigators suspected it would be 
no. 15 - had an elongated short arm. If this arm included the 
missing chromosome 21, the karyotype of these women was 



“balanced,” and the genetic material was completely present. 
In some of their offspring, on the other hand, the transloca- 
tion chromosome included most of the chromosome 21 mate- 
rial occurring in their cells together with two normal chro- 
mosomes no. 21; these children were effectively trisomic for 
21 and developed Down syndrome in spite of their normal 
number of chromosomes. This karyotype was unbalanced. 

At about the same time the first G/G translocation was repor- 
ted [33]. Shortly afterward, studies of the meiotic division I in 
a balanced heterozygote revealed a trivalent, i.e., a figure 
consisting of three chromosomes, giving conclusive evidence 
that the unusual chromosomes found in these families are, 
indeed, translocation chromosomes [47]. 

Frequency of Translocation Down Syndrome. Translo- 
cation Down syndrome explains a number of familial 
cases, but not all. Standard trisomies 21 may also oc- 
cur repeatedly in the same families, pointing to con- 
stitutional factors or a mosaic status in the parents 
(germ cell precursors. Sects. 9.2; 10.1). Table 2.4 shows 
the frequencies of translocation cases, inherited and 
noninherited, among affected children of younger as 
compared with older mothers. Most translocations 
are of the types 14/21 or 21/21. There are, however, a 
few reciprocal translocations in which, apart from 
chromosome 21, other, nonacrocentric chromosomes 
are involved. 

Gaps and Breaks. Chromosomes must first be broken 
to form any kind of rearrangements. Under the light 
microscope it may be difficult to distinguish chromo- 
some breaks from achromatic regions called gaps. 
Such gaps may be true breaks, but they may also be 
local despiralizations. Chromosome breakage is fre- 
quently analyzed in mutation research. Therefore 
there must be some agreement as to which aberra- 
tions are to be considered as breaks and which as 
gaps. One of the proposed agreements is illustrated 
in Fig. 2.33. The distinctions listed are very conserva- 
tive and probably underestimate the number of 
breaks. Breaks and gaps may occur during interphase 
before and after replication. If occurring before repli- 
cation, the lesion is visible in the following meta- 



Table 2.4. Incidence of translocations among children with Down syndrome (from Mikkelsen 1971) 



Maternal age under 30 






Maternal age over 30 






Total no. No, of translocations 

of oatients 




Total no. 
of patients 


No. of translocations 




Sporadic 


Inherited 


Parents not 
examined 


Sporadic 


Inherited 


Parents not 
examined 



1431 69 32 14 1058 7 5 4 

Total 115 = 8 . 04 % Total 16 = 1 . 51 % 
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Fig. 2.33. Definition of chromosome gaps and breaks. From 
left to right, in a gap, the separate segment is not dislocated; 
there might be a tiny connection. If this connection is lack- 
ing, it cannot be decided whether a gap or a break has occur- 
red. The two right-hand figures clearly show breaks with dif- 
ferent locations of the broken segment. (Courtesy of Dr. 
T. M. Schroeder-Kurth) 

phase in both daughter chromatids (isochromatid 
break). After replication only one chromatid is affec- 
ted (chromatid break). These various types of breaks 
and gaps are shown in Fig. 2.34. 

A break not affecting the centromere produces a 
shorter chromosome with a centromere and an acen- 
tric fragment. This fragment may or may not form a 
small ring but, lacking a centromere, runs a high risk 



of being lost during the subsequent mitosis. Hence, 
chromosome breakage often leaves behind a cell defi- 
cient in a chromosome segment. In some cases, how- 
ever, chromosomes broken at two breaking points re- 
join under the influence of repair enzymes. If the 
broken ends do rejoin the chromosomes - and with 
them the cell - is again intact. In fact, experience 
with repair-deficient human diseases (Sect. 10.3) sug- 
gests that this may happen over and over again in 
many human tissues. In other cases, broken ends 
join with break points from other chromosomes, 
homologous or nonhomologous, one condition being 
that the two breaks have occurred within a reason- 
ably short time period and reasonably close to each 
other. This leads to the various types of chromosome 
rearrangements. 

Intrachromosomal Rearrangements (Intrachanges), A 
single chromosome may break at two different sites, 
and the intermediate part may rejoin upside down. 
This rearrangement does not lead to disturbances in 
mitosis, especially if the breaks have occurred in the 
Gj phase. Inversions can be diagnosed by use of 
banding methods and/or in situ hybridization with 
multiple mapped markers. Inversions can be diag- 
nosed by use of banding methods and/or in situ hy- 
bridization with multiple mapped markers when the 
centromere is not included (paracentric inversions). 
A shift in centromeric position readily identifies 




Fig. 2.34. 1-5. Various types of chromosome gaps and breaks. 1, Chromatid gaps; 2, isochromatid gaps; 3, 
chromatid breaks; 4, isochromatid breaks; 5, minutes and fragments: single (a); double minute (b). (From 
Gebhart [39] ) 
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pericentric inversions. Inversion heterozygotes are 
not particularly rare in human populations. There 
may be difficulties in chromosome pairing at meio- 
sis, which may lead to partial elimination of certain 
types of germ cells in inversion heterozygotes 
(Fig. 2.35). These difficulties do not occur in homozy- 
gotes (for a review see [62].) Inversions - and es- 
pecially pericentric inversions - have played a 
major role in the phylogeny of higher primates 
(Sect. 14.2.1). 

Another type of intrachange is the ring chromo- 
some (Fig. 2.36). Here two telomeres are usually lost 
as fragments, and the open ends rejoin. A ring chro- 
mosome may or may not be able to undergo mito- 
sis, depending on whether the two chromatids 
joined in a crossed manner. If there is no sister 
strand exchange between the breakage points during 
DNA replication, the ring may replicate, forming 
two separate rings with one centromere each. They 
can pass the next mitosis without difficulty. One sis- 
ter strand exchange forms one big ring with two 
centromeres. This structure is normally destroyed 
in the next mitosis. Two sister strand exchanges 
may form two rings that are entwined with each 
other. Various possibilities are detailed in Fig. 2.36, 
some of which are demonstrated with one case re- 
port (p.55). Occasionally chromatid breakage and 
ring formation occurs in the phase, and patterns 



such as that shown in Fig. 2.37 are observed in single 
cells. 

Interchromosomal Rearrangements (Interchanges). In 
many cases, joining occurs between different chro- 
mosomes, homologous or nonhomologous. If break- 
age occurs in the G^ phase, joining follows in the G^ 
(or early S) phase before DNA replication. If each 
of the resulting chromosomes happens to have one 
centromere, the translocation chromosomes may 
pass through the next mitosis without difficulties. If 
one of the resulting chromosomes happens to get 
two centromeres, a dicentric chromosome is formed. 
Depending on the exact mode of replication, it may 
be able to pass the next mitosis, under the following 
conditions: (a) the centromeres migrate to the same 
pole and, (b) replication and sister chromatid ex- 
change between the two centromeres has not led to 
interwining of the two chromatids (Fig. 2.38). If 
breakage and rejoining occur after DNA replication, 
only one sister chromatid of each chromosome is af- 
fected. The rejoined sister chromatids are still paired 
with their unaffected partners. This leads to the in- 
terchange patterns shown in Fig. 2.39 in the first mi- 
totic division after reunion. The mitotic anaphase 
proceeds without further difficulties if the two cen- 
tromeres happen to be located on different elements 
(Fig. 2.39; classes I, III, and V). If the centromeres 




Fig. 2.35. Chromosome mispairing during meiosis in hetero- 
zygotes of pericentric (left) and paracentric (right) inver- 
sions. In the two figures, crossing over is assumed in the seg- 



ments that are marked by an X As a consequence, abnormal 
chromosomes are found that lead to aneuploidy of zygotes 
in the next generation 
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Fig. 2.36. Ring chromosome formation in the phase and fate of the ring chromosome in the following mitotic divisions. See 
text for details 



are located on the same configuration, the resulting 
daughter cell is in any case aneuploid. Either the 
centromeres migrate to different poles, in which 
case an “anaphase bridge” is formed, and the chro- 
mosome finally breaks again, or the two centro- 
meres migrate to the same pole, which can only 
happen with nonhomologous reunions (Fig. 2.39, 
classes V, VI, and VII). In the latter case the problem 
is postponed to the next mitosis, in which the chro- 
mosome appears as dicentric. It may or may not 
survive this mitosis. In any case, under the condi- 
tions mentioned above interchanges cause a great 
deal of cell loss due to aneuploidy or mitotic distur- 
bance. 

In human somatic tissue many of these mitotic dis- 
turbances are visible even in conventionally stained 
cells, without special chromosome preparations. Fig- 
ure 2.40 shows an anaphase bridge and a so-called 
micronucleus in human bone marrow cells. Micro- 
nuclei are formed from chromosomes or chromo- 



some fragments not taking part in normal mitosis 
at the same time. This leads to the phenomenon of 
premature chromosome condensation. The main nu- 
cleus is observed at metaphase with normally con- 
tracted chromatids, while the chromosomes of the 
micronucleus show a prophaselike condensation. 
These cytological anomalies have become important 
for quick evaluation of mutagenic agents (Sect. 11.2). 
Premature chromosome condensation can also be 
elicited in vitro by fusion of a cell in interphase 
with another cell that is just preparing for mitosis 
[122]. 

The method of chromosome painting described be- 
low (Sect.3.1.3.3) has made it possible not only to 
show chromosome rearrangements in mitoses but 
above all to analyze them in great detail in interphase 
cells (See Fig. 3.11 for an example). 

In meiosis, translocations may lead to disturbances 
as homologous chromosome segments tend to pair 
with each other. In metaphase I, they form so-called 
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Fig. 2.37 a-c. Formation of a ring chromosome in the 
phase, a Two breaks in one of two sister chromatids, b Re- 
joining of the broken ends; pairing of fragments with the 
homologous chromatid segments, c The same ring chromo- 
some in a human metaphase. (Courtesy of Dr. T. M. Schroe- 
der-Kurth) 



chains-of-three if three chromosomes are involved, 
for example, in a balanced translocation carrier. If 
four chromosomes are involved, a chain-of-four may 
be formed. This event may or may not lead to further 
aneuploidy, depending on the anaphase movements 
of the four centromeres. If the two centromeres of 
one element happen to move to one pole - and if the 
chromatids happen not to be intertwined between 
the centromeres - normal anaphase may take place. 
Very often, however, additional chromosome break- 
age occurs. This is one of the reasons why meiosis is 
such a good filter for removal of chromosome rear- 
rangements. 

Chromosome breakage together with its consequen- 
ces may be observed in somatic cells and in germ 
cells. Breakage in somatic cells has become important 
for mutation research and is discussed in Chap. 11. 
Breakage in germ cells may or may not be transmissi- 
ble to the next generation. If transmitted, it often cau- 
ses zygote death during the embryonic stage. In a cer- 
tain number of cases, however, the aberration is com- 
patible with postnatal life, leading to a chromosome 
aberration syndrome. Before some of these syn- 
dromes are described, the universally accepted no- 
menclature of human karyotype description should 
be explained. This nomenclature was devised by a 
group of cytogeneticists and was last brought up to 
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Fig. 2.38 a-c. Mitotic anaphase of a dicentric chromosome, 
a Both centromeres migrate to the same pole; chromosomes 
remain intact, b The centromeres migrate to opposite poles. 
Anaphase bridges are formed, c The chromosomes are broken 



date [79 a, 92]. The following is a list of the abbrevia- 
tions used: 

t Translocation 

h Changes in length of secondary constrictions 

cen Centromer 

del Deletion 

der Derivative chromosome 

dup Duplication 

ins Insertion 

inv ins Inverted insertion 

rep Reciprocal translocation’^ 

rec Recombinant chromosome’^ 

rob Robertsonian translocation’^ (“centric fusion”) 

tan Tandem translocation’^ 

ter Terminal or end (pter, end of short arm; qter, end of 
long arm) 

: Break (no reunion, as in a terminal deletion) 

:: Break and join 

From - to 

(’^: optional, where it is desired to be more precise than mere- 
ly using t.) 
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Fig. 2.39 I- VIII. Classes of interchanges found after translo- 
cation during the phase. Involvement of two homologous 
chromosomes. I Alternate position of the centromeres; ex- 
change of fragments of equal length. II Adjacent position of 
the centromeres; exchange of fragments of equal length. 
Ill Alternate position of the centromeres; exchange of frag- 
ments of different length. IV Adjacent position of the centro- 



meres; exchange of fragments of unequal length. Involvement 
of two nonhomologous chromosomes. V Alternate position of 
the centromeres. VI Adjacent positions of the centromeres. 

VII Triradial configuration (loss of fragments required). 
Complex of nonhomologous chromosomes (more than two). 

VIII One example of a figure with three chromosomes in- 
volved 



Description of Human Karyotypes. The total number of chro- 
mosomes is given, followed by the sex chromosome comple- 
ment. Then it is indicated which chromosomes are too 
many, or too few, or structurally altered. Some examples are 
the following: 



46,XX 

46, XY 

47, XY, -t- 21 

46, XY,iq + 

47, XY, + 14P + 



45, XX,-i4,-2i, + t(i4q2iq) 

46, XY,-5,-i2,t(5pi2p), 
t(5qi2q) 



Normal female karyotype. 

Normal male karyotype. 

Male karyotype with 47 chro- 
mosomes; the additional 
chromosome has been identi- 
fied als no. 21. 

Male karyotype with 46 chro- 
mosomes; the long arm (q) of 
one chromosome 1 is longer 
than normal. 

Male karyotype with 47 chro- 
mosomes, including an addi- 
tional chromosome no. 14, 
which has en elongated short 
arm (p)^ 

Female karyotype with a ba- 
lanced Robertsonian translo- 
cation between a D and G 
group chromosome. 

Male karyotype with two 
translocations involving inter- 



(Petit, p = small or short.) 



46,XY,i6qh + 



46,XX,r(i8) 



change of both whole arms of 
chromosomes 5 and 12. The 
breaks have occurred at or 
very near the centromere, and 
no information is available as 
to which centromere is inclu- 
ded in either product. 



Male karyotype with 
46 chromosomes, showing an 
increase in length of the 
secondary constriction on 
the long arm of chromo- 
some 16. 



Female karyotype with 
46 chromosomes, including a 
ring (r) chromosome 18. 



All symbols for rearrangements are to be placed before the 
designation of the chromosome or chromosomes involved, 
and the rearrangement chromosome or chromosomes should 
always be placed in parentheses: 



Changes in length of secondary constrictions, or negatively 
staining regions, should be distinguished from increases or 
decreases in arm length due to other structural alterations 
by placing the symbol h between the symbol of the arm and 
the -h or - sign. For example: 
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Fig. 2.40. a Micronucleus formation due to chromosome 
aberration in a bone marrow cell of a patient with Fanconi 
anemia, b Anaphase bridge due to a dicentric chromosome; 
same patient. (From Schroeder 1970 [169] ) 



46,X,i(Xq) Female karyotype with 

46 chromosomes, including 
one normal X and one iso- 
chromosome (i) for the long 
arm of X. 



The intensity of Q banding patterns is described as follows: 



Negative 

Pale 

Medium 

Intense 

Brilliant 



No or almost no fluorescence 
As on distal ip 

As the two broad bands on 9q 
As the distal half of i3q 
As on distal Yq 



Chromosome Band Nomenclature. Each chromosome is con- 
sidered to consist of a continuous series of bands, with no un- 
banded areas. The bands are allocated to various regions 
along the chromosome arms and delimited by specific chro- 
mosome landmarks. The bands and the regions to which 
they belong are identified by numbers, with the centromere 
serving as the point of reference for the numbering scheme. 
In designating a particular band, four items are required: the 
chromosome number, the arm symbol, the region number, 
and the band number within that region. For example, ip33 
indicates chromosome 1, short arm, region 3, band 3. The re- 
gion and band numbers may be taken from Fig. 2.11. The fol- 
lowing examples illustrate the principle of description: 



Isochromosomes (abbreviated and full description): 

46,X,i(Xq) Break points are at or close to 

46,X,i(X)(qter ^ cen ^ pter) the centromere and cannot be 
specified. The designation in- 
dicates that both complete 
long arms of the X chromo- 
some are present and are se- 
parated by the centromere. 



This indicates a break at band 
iqii and deletion distal of the 
long-arm segment. The re- 
maining chromosome consists 
of the entire short arm and 
that part of the long arm lying 
between the centromere and 
band iq2i. 



Breakage and reunion have 
occurred at bands 2q2i and 
5q3i in the long arms of chro- 
mosomes 2 and 5, respectively. 
The segments distal to these 
bands have been exchanged 
between the two chromo- 
somes. Note that the deriva- 
tive chromosome with the 
lowest number (i. e., no. 2) is 
designated first. 

in understanding the symbols 
used in the following text and in cytogenetic publications. 
High-resolution banding requires logical extension of this 
nomenclature (see Fig. 2.14). In chromosome 21, for example, 
the long arm is subdivided into qii, qii, and qi2; q22 can 
be subdivided into q22.i, q22.2, and q22.3. 

Deletion Syndromes. An individual who is heterozy- 
gous for a deletion is monosomic for a part of the 
chromosome. De Grouchy et al. in 1963 were appar- 
ently the first to publish a case with del i8p-. The 
first deletion syndrome was established by Lejeune 
et al. [70], also in 1963. They described three children 
with a deletion of the short arm of chromosome 5 
(del 5 p-). In addition to the usual signs of autosomal 
chromosome aberration such as developmental retar- 
dation and low birth weight, the children showed a 
moonlike face with hypertelorism. Their appearance 
was not extraordinarily peculiar, but they had a strik- 
ing cry that resembled that of a cat (cri du chat = cat 
cry; Fig. 2.41). 

There are various mechanisms by which a deletion 
may be formed: (a) true terminal deletion, (b) inter- 
stitial deletion, and (c) translocation. A number of 
reports have pointed to a translocation in the cri du 
chat syndrome. 



Terminal deletion: 

46,XX,del(i)(q2i) 
46,XX,del(i)(pter q2i) 



Reciprocal translocations: 

46,XY,t(2;5)(q2i;q3i) 
46,XY,t(2;5)(2pter ^ 2q2i:: 
5q3i 4qter; 

5pter ^ 5q3i:: 

2q2i ^ 2qter) 



These examples should aid 
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Fig. 2.41. Partial karyotype of a case with cri du chat syn- 
drome - deletion 5p 

Intrachanges: Paracentric and Pericentric Inversions. 
Paracentric inversions (i.e., those not including the 
centromere) in humans are difficult to diagnose. 
These are discussed in the context of chromosome 
evolution (Sect. 14.2.1). Since the early 1960s numer- 
ous reports on presumed pericentric inversions (i.e., 
with inclusion of the centromere) have been pub- 
lished. Some of the probands had various anomalies 
such as mental retardation or malformation. Others 
were phenotypically normal, but they or their wives 
had repeated abortions. Again, others showed no ab- 
normality at all. When only the conventional staining 
methods were available, pericentric inversions were 
thought to be rare. 

After banding methods had been introduced, higher frequen- 
cies were reported. Chromosome 9 seemed to be affected fre- 
quently, and a relatively high prevalence was reported from 
Finland [31]. These inversions do not influence chromosome 
segregation during meiosis and do not bring about an in- 
creased risk of prenatal death for heterozygotes, as evidenced 
by the normal (corrected) segregation ratios. Observations of 
this type may yield clues for mechanisms of chromosome 
evolution (Sect. 14.2.1). 

The probands of this Finnish study had been exam- 
ined for diagnostic purposes. Therefore it is not sur- 
prising that they showed a variety of anomalies. 
These anomalies, however, did not show a common 
pattern; moreover, relatives with the inversion were 
clinically normal. Hence these pericentric inversions 
very probably did not influence the phenotypes of 
their carriers nor their fecundity or the number of 
miscarriages. 

Small inversions may be fairly frequent in particular 
populations. They may not influence health or fe- 
cundity at all. If the inversions are larger, impairment 
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Fig. 2.42 a, b. Aneusomie de recombinaison? Karyotype of a 
malformed proband and his normal mother (Q and G band- 
ing). For explanation, see text, a Partial karyotype of no. 10 
of the mother, b Partial karyotype of no. 10 of the son. 
(From Dutrillaux et al. 1973 [340]) 



of normal meiosis is more likely. However, inversion 
carriers are euploid, and phenotypic abnormalities 
are therefore not to be expected, except for possible 
position effects. 

Aneusomie de Recombinaison. Occasionally families 
have been observed in which one parent seemed to 
have the same aberration as the child - for example, 
a pericentric inversion or a translocation. Yet, the 
parent was phenotypically normal, whereas the child 
showed a severe malformation syndrome. In some of 
these cases, chance coincidence of a harmless chro- 
mosome variant with a malformation syndrome of 
different origin is the most likely explanation. How- 
ever, crossing over between the abnormal chromo- 
some and its normal counterpart in the displaced re- 
gion might lead to unbalanced germ cells. This me- 
chanism was suggested by Lejeune and Berger in 
1965 [68], but its confirmation had to await introduc- 
tion of the banding techniques. 

The first case in which this mechanism could be demonstrated 
was a boy with multiple malformations [26]. Figure 2.42 shows 
the no. 10 chromosomes of the proband and his mother. Ap- 
parently the mother had a large pericentric inversion. Cross- 
ing over within this inversion led to an abnormal chromo- 
some, making the child trisomic for the segment 94. More 
such cases can be discovered by high-resolution banding. 
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Ring Chromosomes, The situation is different in ring 
chromosomes, as ring formation implies loss of 
usually telomeric chromosome segments. Individuals 
with ring chromosomes resemble the corresponding 
deletion carriers. They may, for example, have the 
cri du chat syndrome if 5p is affected [83]. In other 
cases the symptoms are striking, depending on the 
size of the deleted segments. 

Figure 2.35 shows the fate of a ring chromosome in mitosis; 
in most cases the ring replicates and passes mitosis normally. 
Sometimes, one sister strand exchange occurs, and a double 
ring with two centromeres is formed; in others, double sister 
strand exchange leads to two interlocked rings. In the next 
interphase, the double ring may again have one or two (or 
more) sister strand exchanges, leading either to interlocked 
double rings or to a fourfold ring. Thus, an indefinite num- 
ber of combinations is possible. 

Fragments. Chromosome fragments are usually lost in 
mitosis or meiosis, unless retaining a centromere (or a 
part of it), and they may segregate as supernumerary 
marker chromosomes. Such markers were not rare in 
a Danish random sample of newborns (Sect.9.1.2.1); 
in some cases phenotypic abnormalities were report- 
ed. Their chromosomal origin can now often be iden- 
tified by chromosome painting (Sect.3.1.3.3). 

Isochromosomes. Chromosomes are occasionally 
found that consist of two identical arms. Such chro- 
mosomes are known as isochromosomes and pre- 
sumably originate by abnormal division of metaphase 
chromosomes, as shown in Fig. 2.43. If the chromo- 
some involved has arms of unequal length, isochro- 
mosomes for the short arm or isochromosomes for 
the long arm may result. 

Isochromosomes are observed relatively frequently 
for the X chromosome; an isochromosome of the 



long arm of the X, i (Xq), leads to the Turner syn- 
drome, since this chromosome is always inactivated 
and only the normal X is active (Sect. 2.2.3.3). 

Interchanges: Centric Fusions (Robertsonian Translo- 
cations). Centric fusion is the most frequent type 
of chromosome rearrangement in human popula- 
tions. The first reported cases of translocation 
Down syndrome were due to centric fusion between 
the long arm of chromosome 21 and one chromo- 
some of the group 13-15 or 21-22 (D or G group). Si- 
milar cases have since been observed repeatedly. 
Centric fusion accounts for only a small percentage 
among all cases of Down syndrome, and many of 
these are due to new mutation. Only the five acro- 
centric pairs undergo centric fusion. In the inter- 
phase nucleus the short arms and centromeric re- 
gions of these chromosomes are located close to 
the nucleolus, the short arms containing the nucleo- 
lus organizers, which carry genes for rRNA. Partici- 
pation of single acrocentric pairs in centric fusions 
is nonrandom. While the data in Table 2.5 are biased 
due to ascertainment from couples seeking prenatal 
diagnosis, unselected data from newborns show the 



Table 2 . 5 . Different types of Centric fusions in couples refer- 
red for prenatal diagnosis (from the European Collaborative 
Study, Boue and Gallano 1984 [ 9 ]) 
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Fig. 2 . 43 . Formation of an isochromosome by 
abnormal cleavage of the centromere 
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same pattern [109]. Moreover, a detailed study of 
available observations has shown convincingly that 
the differences between the various types are real. 
Preferences of certain unions could be caused by 
structural homologies and, consequently, higher ex- 
change rates between their respective centromeric 
regions [129]. 

Centric fusion indicates that the short arms of the 
two participating chromosomes and possibly one of 
the centromeres are lost (Fig. 2.44). This means that 
ribosomal RNA genes are lost as well; indeed, the 
average number of rRNA genes as estimated by 
DNA-RNA hybridization studies is lower in so-called 
balanced carriers of centric fusions than in the nor- 
mal population [11; 24]. Functionally this makes little 
difference as, to the best of our knowledge, these car- 
riers are perfectly healthy. 

Figure 2.45 shows the possible combinations of chromosomes 
in germ cells of a carrier for a 14/21 translocation, and for a 
21/21 translocation. After fertilization with a normal sperm 
there are six different possibilities. However, the first two, 
monosomy 14 and trisomy 14, are never observed, and 
monosomy 21 is - at least in the great majority of all cases - 
lethal. Each of the remaining three - trisomy 21, balanced, 
and normal - might be expected to have a probability of 
one-third. This expectation, however, is not confirmed by ex- 
perience: if the mother is the carrier, the probability is 
around 15%, and if the father is the carrier, it is no more 
than 5 %. However, the risk of a balanced zygote is the expec- 
ted segregation rate of approx. 50%. The problem is discus- 
sed in greater detail in Sect. 2.2.2. 

In a 21/21 translocation - or a 21/21 isochromosome - 
prospects are much more gloomy: either the child is 
trisomic and affected with Down syndrome, or the 
aneuploidy is lethal. 

Interchanges: Reciprocal Translocations. Unlike cen- 
tric fusions, reciprocal translocations do not necessa- 
rily entail loss of material. The broken parts are 
joined with other chromosomes. Therefore, the ba- 
lanced zygote has 46 and not 45 chromosomes. 
Among the daughter cells, the types seen in Fig. 2.47 
can be expected. Most often only the partially triso- 
mic or the partially monos omic are found, the others 
presumably being lethal. 

A typical pedigree is seen in Fig. 2.46 [112]. Two sibs, 11 and 
9 years old, showed various, severe clinical signs such as 
mental retardation, anomalies of skull and face, hypoplastic 
and hypotonic skeletal muscles, and club feet. Figure 2.49 
shows the karyotype of the mother who had a balanced reci- 
procal translocation; a part of the short arm of chromo- 
some 10 is translocated to the short arm of chromosome 7. 
Hence, the children had a partial trisomy 10. Interestingly, 
in addition to the concordant clinical signs mentioned above, 
they also showed some discordances; some clinical signs oc- 
curred only in one of the sibs, for example, epileptic seizures, 
cleft lip, and palate. Such phenotypic differences between car- 



Fragments (2 breaks) Translocation 

lost chromosome 

V M 3l^ Balanced zygote 

mm . — ^ A 0 ^ ^ mV has one chromosome 

f I ^ f I J f less than normal 

Daughter cell 

Fig. 2.44. Principle of a centric fusion (Robertsonian translo- 
cation). Two acrocentric chromosomes lose their short arms, 
and the long arms fuse. The translocation chromosome may 
have one or two centromeres; in the latter case one centro- 
mere must be suppressed. In any case the balanced zygote 
has one chromosome less than normal (as compared with 
the reciprocal translocation, which leads to a balanced zygote 
with normal chromosome number) 



riers of identical chromosomal aberrations are common (see 
below). 

Phenotypes in Autosomal Chromosome Aberrations. 
The most conspicuous phenotypic feature in autoso- 
mal chromosome aberration syndromes is the con- 
siderable overlap of signs and symptoms. The main 
findings are: 

General 

Low birth weight (small for date) 

Failure to thrive 

Mental retardation (usually severe) 

Short stature 
Head and face 
Microcephaly 
Incomplete ossification 
Micrognathia 

Anomalous positioning of eyes 
“Dysmorphic facies” 

Low-set, deformed ears 
Various anomalies of hands and feet 
Anomalous dermatoglyphic patterns 
Internal organs 

Congenital defects of heart and/or great vessels 

Cerebral malformations 

Malformations of the genitourinary system 

The following symptoms generally do not point to an 
autosomal chromosome anomaly, but exceptions oc- 
cur: mental retardation without additional malforma- 
tion; malformations associated with normal mental 
capacity; isolated, single malformations. 

Apart from these common malformations many, but 
not all, autosomal aberrations show other more or 
less specific clinical patterns. Moreover, the common 
signs may be more or less severely expressed. The 
signs caused by a specific aberration usually form a 
pattern that is characteristic for this aberration and 
makes a preliminary diagnostic impression possible 
on clinical grounds. These symptom complexes 
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Fig. 2.45. a Diagram of germ cell formation if the mother is the carrier 
of a 14/21 translocation in a balanced state: the one chromosome 14 has 
acquired the translocated long arm of chromosome 21. As a result there 
is only one free chromosome 21. Since this free chromosome 21 and the 
two 14-chromosomes combine according to the laws of chance, six dif- 
ferent germ cells can theoretically be formed, and it should be possible 
to find six different types of zygotes after fertilization with a normal 
sperm. However, three of the possible six have not been observed. The 
remainder are either normal, balanced, or trisomic in a ratio that can 
only be established empirically, b Formation of germ cells with a 21/ 

21 translocation and a 21-iso-chromosome. The possibilities are that ei- 
ther the translocation chromosome forms the germ cell - a resulting 
zygote would be functionally trisomic and the child would manifest 
Down syndrome - or the translocation chromosome does not get into 
the germ cell, in which case the zygote is missing a chromosome 21 and 
dies 



help in deciding when chromosome study is indi- 
cated. 

Among patients showing a common aberration the 
variability of many of the findings tends to be great. 
Some persons with Down syndrome, for example, 
may be only mildly retarded, whereas most are se- 
verely mentally retarded; cardiac malformations are 
found in many, and intestinal atresia in only a few. 
This variability is presumably due in part to the fact 
that the abnormal chromosome is superimposed on 
very different genotypes, i.e., the genetic background 



differs. Still, variability in development seems to be 
abnormally enhanced. Increased lability of embryo- 
nic development by yet unknown mechanisms has 
been postulated. 

It is remarkable that trisomies cause any anomaly 
at all. Their carriers have a full set of genetic mate- 
rial, and no single gene function is altered or lost. 
In addition, we know from heterozygotes of autoso- 
mal-recessive diseases (Sect.7.2.2.8) that for most 
enzymes one-half of the normal production is suffi- 
cient to maintain normal function. It is not readily 
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Fig. 2.46. Pedigree of a male patient with j j 

Down syndrome and a 14/21 Robertsonian ^ 

translocation (111,2). Mother (11,3), her 

brother (11,4), and maternal grandfather 

(1,3) have a balanced karyotype. The cy- nj 

togenetic findings in 1,3 and 11,3 were ^ 

identical to those in 11 , 4 . (Courtesy of Dr. 

T. M. Schroeder-Kurth) 
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Fig. 2.47. Reciprocal translocation. Two breaks in differ- 
ent chromosomes create two chromosomal fragments 
that are reciprocally translocated or exchanged to the 
broken chromosome from which they did not originate 



apparent why the presence of three rather than two 
gene products as present in trisomies should make 
so much difference. These problems are discussed 
in Sect. 8.4.3. 

Moreover, the common symptoms of all the autoso- 
mal syndromes are independent of the single chro- 
mosomes involved. One might note that the organ 
systems mainly involved are known to have a long 
and complex embryonic development, and that there- 
fore many different genes are needed for this devel- 
opment to proceed normally. However, this explana- 
tion is also very general, and, besides, the necessary 
genes are all there. 

What is the nature of the genetic disturbance lead- 
ing to these chromosome syndromes? They may be 
due either to surplus activity or a defect of single 
genes, or to failure in the regulation of genes during 
embryonic development [29]. Analysis of autosomal 



chromosome aberrations should therefore be suit- 
able to teach us much regarding the mechanisms 
of gene action during development and gene regula- 
tion in humans. In Down syndrome, for example, a 
region of no more than 400 kb appears to be re- 
sponsible for the clinical signs (see Sect. 2.2.1). This 
problem is taken up in Sect. 8.4.3. Foi" a special pro- 
blem - the development of sexual characteristics - 
studies of patients with numerical and structural 
chromosome aberrations have already been highly 
instructive. Before sex chromosomal aberrations 
are discussed, however, some remarks are necessary 
regarding segregation and prenatal selection of un- 
balanced, and possible clinical signs in “balanced” 
translocation carriers. In addition to their theoreti- 
cal interest, these questions have an important prac- 
tical relevance for risk assessment and genetic 
counseling. 
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Fig. 2.48. Pedigree of two siblings (mother: balanced translo- 
cation; children: partial trisomy lop + ; Fig. 2.49) 

2 . 2 . 2.2 Segregation and Prenatal Selection 

of Translocations: Methodological Problems 

The problem of segregation and prenatal selection of translo- 
cations has often been studied, but there were many contra- 
dictions, and the studies have failed to give a clearcut picture. 
Recently, however, many of these problems have been solved 
by Schafer [109]. In principle we follow his analysis. 
Translocations are relatively rare. No single research group is 
therefore able to collect sufficient data for definite conclu- 
sions. Hence, data published in the literature must be ana- 
lyzed. Such data, however, are subject to many biases. Some 
of these are discussed below (Sect. 4.3.4 and Appendix 2); for 
example, sibships in which abnormal chromosomes segregate 
are generally ascertained only if at least one sib is affected. It 
also makes a difference whether all sibships with at least one 



affected sib in the population are ascertained or only a small 
fraction. These problems can be handled relatively simply if 
hereditary diseases are involved, since in this case families 
are always ascertained through at least one “proband” who 
suffers from the disease in question. With translocations, 
however, families might be ascertained, for example, because 
of multiple abortions or through an unbalanced proband at 
birth or at prenatal diagnosis. Balanced carriers are, occa- 
sionally, discovered in population surveys, and a family study 
is initiated. It is impossible to correct completely for all bia- 
ses - especially as necessary information is lacking in many 
published reports. The correction by Schafer, however, ap- 
pears to be the optimum attainable with the cases presently 
available. The analysis is presented in greater detail in Ap- 
pendix 2. 

The study was based on 1050 families with segregating trans- 
locations, with altogether 2109 pairs of parents and 4745 pro- 
geny. Moreover, 556 reported instances of pathological effects 
in carriers of balanced translocations were collected, as were 
results from 814 prenatal diagnoses, and about 130 000 indi- 
viduals examined in various screening programs were evalu- 
ated. This statistical study led to detailed risk estimates for 
various kinds of pregnancy outcome, and to results on phe- 
notypic effects in unbalanced and balanced translocation 
carriers. For an understanding of these results it is necessary 
to visualize the consequences of translocations during meio- 
sis. 

Segregation of Translocations in the First Meiotic Division. In 
the first meiotic division homologous chromosomes pair. 
This rule also applies to translocated chromosome segments: 
they pair with their original partners. This leads to com- 
plexes of four chromosomes in reciprocal translocations and 
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Fig. 2.49. G-banded karyotype of the mother of two children 
of Fig. 2.48 with a reciprocal translocation involving chromo- 
some 7 and 10 (arrows). The two children (Fig. 2.48) showed 



the elongated chromosome 7 (with the no. 10) short arm but 
two normal chromosomes no. 10. (From Schleiermacher et 
al. 1974 [112]) 
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of three chromosomes in Robertsonian translocations. As in 
normal meiosis, spindle fibers fix at the centromeres, and 
homologous chromosomes are moved to opposite poles. 
This regular anaphase movement may lead to four different 
division products with equal probabilities (Fig. 2.50): 

Fig. 2.50 a: Let the two normal chromosomes be A^, they 
come into one division product (haploid cell), and the two 
translocation chromosomes, A^, B^, come into the other (= al- 
ternate disjunction). 

Fig. 2.50 b: One normal and one translocated chromosome 
come into one haploid cell (= adjacent- 1 disjunction). Here, 
two possibilities exist: A^B^ or A^B^. Each of the four combi- 
nations has the probability 0.25. 

AjBj is karyotypically normal and A^B^ is bdanced, since the 
two chromosomes A^ and B^ have exchanged segments. A^B^ 
and A^Bj, however, are unbalanced. In addition, other, abnor- 
mal types of segregation may occur as a result of the chromo- 
somal aberration. For example, homologous centromeres 
might occasionally come into the same division product (ad- 
jacent-2. Fig. 2.51), or three centromeres may come into one, 
one centromere into the second division product (3 : 1 dis- 
junction; Fig. 2.52). 



Expectations for Unbalanced Zygotes. Using corrections for 
ascertainment biases, the average risk for abnormal, un- 
balanced offspring at birth is estimated to be 7% for carrier 
mothers and 3 % for carrier fathers. These risk figures are es- 
timated for all balanced carriers. For carriers in families in 
which unbalanced zygote offspring have already been ob- 
served the risk figures for sons and daughter together are 
higher (14% of all births for mothers and 8% for fathers); 
the risk for unbalanced zygote sons of carrier fathers is espe- 
cially low (5%). When the mothers are carriers, 66% of all 
unbalanced zygote offspring are found to be of the adjacent- 
1 type, 3% adjacent-2, and 31% 3:1. With carrier fathers, 
90% were adjacent-i, 3% adjacent-2, and 8% 3:1 (see 
above). 

For translocation carriers ascertained through prenatal diag- 
nosis the estimated risk figures are: 11.7% unbalanced off- 
spring for mothers and 12.1 % for fathers. 

The low overall estimate (7 % for carrier mothers; 3 % for fa- 
thers) is due to the fact that only about one-half of all translo- 
cations can give rise to malformation syndromes at birth; the 
others invariably lead to fetal death. 

For Robertsonian translocations involving chromosome 21, a 
13% risk of unbalanced offspring has been estimated when 



Fig. 2.50. Schematic represen- 
tation of a translocation quad- 
rivalent predisposed either to 
alternate (a) or to adjacent-i 
(b) disjunction. The disjunc- 
tion in a leads to normal and 
balanced zygotes; that in b 
leads to two types of unbal- 
anced zygotes 





Fig. 2.51 a, b. Both chromosomes 
involved in a translocation are ac- 
rocentric. One of the paired arms 
that does not carry the centromere 
is much longer than the arms car- 
rying the centromere. Here it may 
(rarely) occur that homologous 
centromeres are transported into 
the same daughter cell (adjacent-2 
disjunction). This type of disjunc- 
tion is also possible if one of the 
two chromosomes is a chromo- 
some no. 9 
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Fig. 2.52. A 3:1 segregation with formation of tertiary tri- 
somy (and monosomy). The length of the paired segments 
between the centromeres makes chiasma formation likely; 
the chiasma on the right cannot be terminalized properly 



the mother is a carrier; the risk is 3% with a carrier father. 
DqDq carriers, on the other hand, run practically no risk of 
having unbalanced offspring. The same seems to apply for 
Dq22q translocations. For genetic counseling the figures for 
Robertsonian translocations can be used with confidence, 
but those for reciprocal translocations are too crude since 
they are derived from many types of translocations involving 
a great number of different chromosomes; a refinement is, 
however, possible. For example, the risk is higher if the carri- 
er who asks for advice has been ascertained through an un- 
balanced rather than a balanced proband. Moreover, special 
parameters, such as the length of the chromosomes involved 
in the translocation and, especially, the size of the trisomic 
(or monosomic) chromosome segments, should be consid- 
ered: as a rule of thumb, the larger these segments, the 
stronger is the prenatal selection against the aneuploid germ 
cell or zygote. 

Increasing data also suggest that the risks are higher when 
the total length of the two chromosomal segments involved 
in the imbalance is less than about 2% of total genome 
length. With longer chromosomal structures affected there 
is usually very early loss of the unbalanced zygote. Partial 
monosomies are more damaging than partial trisomies. 
Ideally such a risk assessment should be based on empirical 



data about precisely the same translocation that is observed 
in the family in question [327]. This, however, is impracti- 
cal in most cases, as too many different translocations ex- 
ist. 

Boue and Gallano [276] reported results from a collaborative 
study of 71 European prenatal diagnosis centers, with 
2356 observations on the karyotypes of fetal cells in diagno- 
ses performed in couples in which one parent had a balanced 
structural rearrangement. The results (Table 2.6) demon- 
strate that the risk of future children showing the unbalanced 
karyotype is much larger if the parent with a balanced kar- 
yotype has been ascertained through an unbalanced child 
than if he or she has been ascertained through a spontaneous 
abortion. The authors also subdivided their data by consider- 
ing the various autosomes involved; there were no conspicu- 
ous differences. However, the smaller the involved chromo- 
some fragments, the larger was the risk of unbalanced off- 
spring. Larger imbalances produce more phenotypic damage 
and are therefore followed more often by early and often un- 
recognized loss of the zygote. There were 232 prenatal diag- 
noses in instances in which one of the parents had a bal- 
anced Robertsonian translocation (excluding those involv- 
ing at least one chromosome 21). Fifteen chromosomally nor- 
mal, 133 balanced, and 28 (12%) unbalanced fetuses with 
malformations were observed. This confirms the deviation 
from the expected 1:1 segregation between normal and 
balanced zygotes. Moreover, earlier results were confirmed 
that there were no unbalanced offspring from carriers of Ro- 
bertsonian translocations including chromosomes 13, 14, 15, 
and 22. 

Phenotypic Deviations in Balanced Translocation 
Carriers. Balanced translocation carriers have a com- 
plete set of genetic material and should therefore be 
phenotypically normal. As a rule, this expectation is 
borne out by experience. However, many reports 
have claimed a somewhat higher incidence of malfor- 
mations, mental retardation, and minor birth defects. 
Analysis of the available evidence has shown that 
multiple malformations and mental deficiency are 
rare among balanced translocation carriers but 
more common than among karyotypically normal 
subjects. As a rule, such clinical findings are encoun- 
tered in sporadic or in familial I4q2iq translocations: 



Table 2.6. Frequencies of fetuses with unbalanced anomalies and birth defects with different modes of ascertainment. (From 
Boue and Gallano 1984 [9]) 

Chromosomal Defect Ascertainment 

Infants with unbalanced Spontaneous Other 

chromosomal anomalies abortions ascertainment 
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Numbers refer to the frequency of unbalanced aberrations among the total number of fetuses studied. 



Human Chromosome Pathology 



In this familial group undetected mosaics might be 
suspected. In sporadic translocations, breaks within 
single genes or disconnection of genes from their 
functionally important location (“position effects”) 
might explain the phenotype. Most carriers of famil- 
ial translocations are clinically unaffected. Selection 
against unbalanced zygotes leads to an increase in 
the abortion rate; translocation carriers are overre- 
presented among couples with multiple miscarriages. 
Infertility has been observed among male carriers; in 
females it occurs only with X-autosomal transloca- 
tions. However, these findings should not obscure 
the fact that the great majority of translocation carri- 
ers, familial and sporadic, have a normal pheno- 
type. 

These results on human translocations have implica- 
tions for the mutation rate, as well as for fitness, se- 
lection, and the theory of evolution. These aspects 
are discussed in Sects. 9.1.2, 12.2.1, and 14.2. 

Premature Sister-Chromatid Separation (Heterochro- 
matin Repulsion). There is a rare, autosomal-reces- 
sive complex malformation syndrome with abnor- 
mally short limbs, abnormal maxilla, and other, se- 
vere malformations: Roberts syndrome (268300). 
Pro- and metaphase chromosomes show an abnor- 
mally premature separation of centromeres, the short 
arm of acrocentrics, and the Yqh heterochromatin 

[40, 133]. 

2.2.23 Small Deletions, Structural Rearrangements, 
and Monogenic Disorders: 

Contiguous Gene Syndromes [ 113 , 132 ] 

Deletions and other unbalanced structural rear- 
rangements leading to loss of genetic material gener- 
ally cause such fundamental disturbances of em- 
bryonic development that the resulting zygote does 
not survive to birth. Sometimes, however, the DNA 
sites affected by the structural defect do not lead to 
embryonic or fetal lethality but may be associated 
with the clinical signs of a known monogenic disor- 
der. Occasionally the clinical findings of more than 
one hereditary disease may be present. If the result- 
ing condition does not prevent reproduction, the re- 
sulting phenotype segregates. One of us (RV.) pre- 
dicted such events already in his 1961 textbook, re- 
ferring to them as a “broad mutation.” If the dele- 
tion is located at a site where the gene for a mono- 
genic disease is located, deletion of this gene may 
cause the clinical findings that usually accompany 
this Mendelian disorder. In fact, 5%-io% of mono- 
genic diseases are associated with microscopically 
undetectable gene deletions. However, a deletion 
may involve additional contiguous genes; therefore 



the resulting phenotype may show features of sever- 
al monogenic disease. Hence, a deletion or a break- 
point of a structural rearrangement may point to 
the chromosomal site where previously unmapped 
genes are located (deletion mapping; see Sect. 5.1.2). 
For example, a patient showed signs not only of 
Duchenne muscular dystrophy but also of X-linked 
chronic granulomatous disease, retinitis pigmentosa, 
and of McLeod syndrome, i.e., absence of the blood 
group Kell precursor substance [37]. A small dele- 
tion was found on the short arm of the X chromo- 
some (Xp2i) and therefore helped in the localization 
of four different genes on the short arm of the 
X chromosome and in the subsequent cloning of 
these genes. Translocation breakpoints of X-autoso- 
mal translocations had pointed before to the same 
region as the site of the gene for Duchenne muscular 
dystrophy [43] (see also [132]), but there had been 
no clues to the location of the three other genes. 
Their mapping to this area was confirmed by later 
studies. 

Another example is retinoblastoma (180200), the ma- 
lignant eye tumor. In cases with bilateral tumors, visi- 
ble constitutional chromosomal anomalies that are 
generally deletions involving the region i3qi4 are 
found in over 10% of cases using high-resolution 
banding methods (see Sect. 10.4.3). Similar findings 
were made in another childhood malignancy, Wilms 
tumor (194080), a tumor of the kidney that may be 
transmitted with autosomal dominant inheritance or, 
more often, is nonhereditary. In some instances 
Wilms tumor is associated with aniridia (106210), 
genitourinary malformation, and mental retardation 
(WAGR syndrome). In such cases a deletion at iipi3 
is usually found. Aniridia without Wilms tumor is a 
well-known autosomal-dominant disease; aniridia oc- 
curs in 1 %-2 % of Wilms tumor patients. Conversely, 
more than 10% of aniridia patients, particularly the 
sporadic cases due to fresh mutations, develop Wilms 
tumor. Often a deletion or chromosomal rearrange- 
ment leading to loss of genetic material is found in 
aniridia. Other syndromes caused by small deletions 
include are the Miller-Dieker (247200), Langer-Gie- 
dion (150230), di George (188400), Beckwith-Wiede- 
mann (130650), Alagille (118450), Prader-Willi, and 
Angelman syndromes (176270; 234400; Table 2.7). 
The latter two syndromes are remarkable because 
they exhibit the phenomenon of genomic imprinting: 
the same segment of chromosome 15 (i5qii.2-qi2) is 
deleted, but in the Prader-Willi syndrome the chro- 
mosome with the deletion comes from the father 
while in Angelman syndrome the maternal chromo- 
some is deleted. In Beckwith- Wiedemann syndrome 
the defective chromosome is always transmitted 
from the mother (genomic imprinting is discussed 
in Sect. 8.2). 
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Table 2.7. Contiguous genes syndromes (excluding those on the X chromosomes). Note that the specific deleted genes have not 
been identified in most instances 



Disease 


Localization 


Clinical signs 


Special remarks 


Retinoblastoma 

(180200) 


I3ql4 


Childhood eye tumors (children with 
visible deletions may show microce- 
phaly, slight anomalies of face and 
hands, and mental retardation) 


About 5%-l0% of all cases have chro- 
mosomal aberrations, but mostly rear- 
rangements. The others only have the 
tumor. This is a point mutation, 
inheritance dominant. 


Wilms tumor, 
WAGR syndrome 
(194070, 109210) 


llql3 


Kidney tumors, bilateral aniridia in 
combination with genitourinary mal- 
formations and mental retardation 
possible 


A combination of any of these anoma- 
lies is possible. About 10% of aniridia 
patients also develop Wilms* tumor, 
inheritance dominant. 


Miller-Dieker syndrome 
(24 700) 


17pl3 


Lissencephaly; facial anomalies; mental 
retardation 


Cases with and without visible 
deletions occur. 


B eckwith- Wiede m an n 

syndrome 

(130650) 


UplS 


Enlarged tongue; gigantism; exompha- 
los; hypoglycemia; often adrenal carci- 
noma or nephroblastoma 


Mode of inheritance: irregularly domi- 
nant All known llpl5 arrangements 
are inherited from the mother. In many 
instances, no chromosomal aberration 


Langer-Giedion 
syndrome 
(150 230) 


8q24J 


Sparse hair, lax skin, pear-shaped nose, 
multiple cartilaginous exostoses, 
microcephaly, mental retardation 


This is trichorhi no- phalangeal syn- 
drome type 11. Type I has no mental 
retardation and lax skin. Autosomal 
dominant. 


di George and 
Sprintzen syndromes 
(188400) 


22qll 


Cellular immune deficiency, hypopara- 
thyroidism, other anomalies; region of 
3rd and 4th pharyngeal pouch 


Cases with deletions and with chromo- 
somal rearrangement involving 22q 
and some with submicroscopic dele- 
tions are observed. Autosomal domi- 
nant. 


Alagille syndrome 
(118450) 


20pll 


Cholestasis; pulmonal valvular steno- 
sis; arterial stenosis; abnormal verte- 
brae; neurological signs and learning 
difficulties 


Clinical variability, deletions and 
structural anomalies; autosomal domi- 
nant with variable expressivity. 


Prader-Willi and 
Angelman syndromes 
(176270, 234400) 


15qll 


Prader-Willi syndrome: hypotonia, 
small hands and feet, hypogonadism, 
obesity, small stature, mental retarda- 
tion 

Angelman syndrome: “happy puppet” 
face, mental deficiency; paroxysmal 
laughing; seizures; lack of speech 


In most instances, structural altera- 
tions, mostly deletions of 15qll.2. 
Genomic imprinting: Angelman syn- 
drome if the abnormal chromosome 
comes from the mother; Prader-Willi 
syndrome if it comes from the father 



In X-linked disorders, chromosome rearrangements 
involving one or even more than one monogenic dis- 
ease have been described. This may well be caused by 
ascertainment bias; such translocations usually origi- 
nate in the male germ line [132]. Therefore X-autoso- 
mal translocations almost always come to attention 
in females, since males inherit the Y and not the 
X chromosome from their fathers. However, rare girls 
with a phenotype usually found only in boys tend to 
be examined especially thoroughly. 

Contiguous gene syndromes have led to an attempt 
at subdividing the genome into deletion-viable and 
deletion-nonviable segments. If a gene is located in 
a deletion-viable region, somewhat larger deletions 
causing additional clinical signs may be observed in 



patients with a well-known hereditary disease (gen- 
erally due to a new mutation). This is not the case 
if the gene is located in a nonviable region. Here 
large deletions kill the zygote in an early state of de- 
velopment. These syndromes have also been studied 
at the DNA level since they offer a good change for 
discovery and analysis of interesting chromosomal 
segments carrying disease genes. Moreover, with 
the development of new cytogenetic methods - 
such as in situ hybridization (FISH) - more such 
syndromes will probably be discovered. This will 
help in distinguishing deletion-viable from deletion- 
nonviable chromosomal regions - an important 
piece of information for human developmental ge- 
netics (Chap. 8). 



Human Chromosome Pathology 69 



2.2.3 Sex Chromosomes 
2.2.3. 1 First Observations 

Nondisjunction of Sex Chromosomes and Sex Determination 
in Drosophila. Meiotic nondisjunction was discovered by 
Bridges in 1916 [10] in the sex chromosome of Drosophila 
melanogaster. Morgan in 1910 [81] had earlier described the 
X-linked mode of inheritance, and at the same time had elu- 
cidated the X-Y mechanism of sex determination in Droso- 
phila. In his experiments a few exceptions had occurred that 
did not conform to the predictions of X-linkage. Bridges ex- 
plained them by an anomaly in the mechanism of meiosis. 
Drosophila has four chromosome pairs, three pairs of auto- 
somes, and two sex chromosomes. Just as in humans, the 
males have the complement XY, the females XX. Hence, each 
normal male germ cell has either one X or one Y chromo- 
some; all female germ cells have an X. In crosses between an 
affected homozygote for the X-linked recessive trait white 
and a wild-type or normal male, all male offspring would be 
expected to have white eyes as their mothers. All daughters 
should be heterozygous and have normal red eyes. As a rule, 
this expectation was fulfilled. In exceptional cases, however, 
male offspring had normal red eyes, and some females were 
white-eyed. This was shown by Bridges to be due to nondis- 
junction of the maternal X chromosome leading to an oocyte 
with either two or no X chromosomes. Fertilization with 
sperm from a wild-type male was expected to lead to four dif- 
ferent types of zygotes: XXX, XXY, XO, and YO. YO was not 
observed; apparently, zygotes without an X chromosome can- 
not survive. The other three types were observed and gave 
evidence regarding the mechanism of sex determination: 

a) XXX 1 ^ ^ 

b) XXY 1 phenotype 

c) XO Male phenotype: sterile 

Hence, the phenotypic sex in this fruit fly depends on the 
number of X chromosomes. One X chromosome makes a 
male, more than one X chromosome makes a female. The Y 
is also involved in sex determination, as XO males are sterile. 

XO Type in the Mouse. The X-linked mutation scurfy (sf) ap- 
peared first by spontaneous mutation. The animals have scur- 
fy skin. The hemizygous males are sterile; therefore, the 
strain can be maintained only by crossing heterozygotes 
(X®VX‘^) with normal males (X'^/Y). From this mating, scur- 
fy^ and normal males are expected in a segregation ratio of 
1 : 1; all females should be normal. From time to time, how- 
ever, an exceptional sf female is observed. As with male 
hemizygotes, they are sterile. However, their ovaries can be 
transplanted to normal females, which have been mated 
with wild-type males. The sons are all sf; the daughters are 
all normal but fall into two groups, those transmitting sf 
and those not transmitting it. Further analysis showed that 
these daughters have two different karyotypes, X '^/0 and 
X'^/X®^; the first group does not transmit sf, the second 
does. This experiment showed that, contrary to the findings 
in Drosophila, XO is a fertile female in the mouse. Hence, in 
this animal, the Y and not the X chromosome is decisive for 
the phenotypic sex. Subsequently, the XO types of the mouse 
have been found to be fairly frequent. In most cases the con- 
dition is caused not by meiotic nondisjunction but by chro- 



mosome loss after fertilization. In mutation research, this 
chromosome loss has become an important tool for assessing 
mutagenic activity (Sect. 11.1.3). Not long after the XO type, 
the XXY type was also discovered in the mouse. It is a sterile 
male unlike Drosophila where the XXY type was female. 

First X Chromosomal Aneuploidies in Humans: XXY, 
XO, XXX. Jacobs and Strong in 1959 [56] studied a 
42-year-old man with the typical features of Klinefel- 
ter syndrome (Fig. 2.53), including gynecomastia, 
small testicles, and hyalinized testicular tissue 
(Fig. 2.54). X chromatin in cells of buccal smears and 
drumsticks in granulocytes were found. Chromo- 
some examination from bone marrow revealed an ad- 
ditional, submetacentric chromosome “in the med- 
ium size range.” The authors felt that the patient 
very probably had the constitution XXY. However, 
“The possibility can not be excluded . . . that the ad- 
ditional chromosome is an autosome carrying femin- 
izing genes.” The patient’s parents both had normal 
karyotypes with 46 chromosome; hence, nondisjunc- 
tion had occurred in one of their germ cells. Shortly 
afterward, the XXY status for Klinefelter syndrome 
was confirmed in many other cases. 

At the same time, the XO type was discovered by 
Ford et al. [32]. Their patient, a 14-year-old girl, pre- 
sented clinically as having Turner syndrome 
(Fig. 2.55) and was X chromatin- negative. The modal 
number of chromosomes in bone marrow cells was 
45; there were only 15 “medium length metacentric 
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Fig. 2*53, Main clinical find- 
ings in Klinefelter syndrome 
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Fig. 2 . 54 . Hyalinized testicular tissue 
in Klinefelter syndrome. The normal 
tubules are lacking and are replaced 
by hyalinized tissue 




Small stature 

“Sphinx” face 
“Carp” mouth 

Low set nuchal hair 

Pterygium colli 

Coarctation of the aorta 

Shield-shaped thorax 
Widely spaced nipples 

Poor breast development 

Cubitus valgus 

Rudimentary ovaries 
Gonadal streak 
Primary amenorrhea 

Shortened metacarpal IV 
Finger nail hypoplasia 

Dorsal metacarpal and metatar- 
sal lymphedema (at birth) 

Multiple pigmented naevi 

Urine: 

Gonodotropins T 
17 Ketosteroids i 
Estrogens i 

Fig. 2 . 55 . Main clinical findings in Turner syndrome 



chromosomes” as in normal males. The evidence 
strongly suggested a chromosome constitution XO. 
The authors, comparing this result with that known 
from DrosophilUy concluded that, contrary to the fly, 
the XO type in humans may lead to an “agonadal” in- 



dividual with female phenotype. Noting the XXX 
state of DrosophilUy they remarked that this anomaly 
was still unknown in humans. 

This gap was soon closed by the report of a 35-year- 
old woman with poor development of external sexual 
characteristics and secondary amenorrhea, who 
showed 47 chromosomes with an additional 
X : 47, XX, + X. In this case, two tissues - bone mar- 
row and fibroblasts - were examined, and both 
showed the same aneuploidy. In many of her buccal 
smear cells, and in some granulocytes, the patient 
had two X chromatin bodies. The following generali- 
zations emerged: 

1. Unlike Drosophilay the phenotypic sex in humans is 
determined by the presence or absence of the 
Y chromosome, not by the number of X chromo- 
somes. In this respect humans are similar to mice, 
but the XO type in mice is a fertile female; in hu- 
mans, it is a female with a nonfunctioning ovary. 

2. The number of X chromatin bodies is one fewer 
than the number of X chromosomes. 

These two observations were soon to become the cor- 
nerstones of our knowledge and hypotheses on sex 
determination and on the genetic activity of X chro- 
mosomes. 

Discussion of other aspects of Klinefelter and Turner 
syndromes: 

- Sect 2.233: Molecular basis of sex determination 

- Sect 9.1: Chromosomal mutations, maternal age 

- Sect. 15.2.2: Brain development, behavioral aspects 
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2.2J.2 X Chromosomal Aneuploidies in Humans: 
Current Knowledge 

Difference Between X Chromosomal and Autosomal 
Aneuploidies. Soon after these first discoveries a great 
number of other aneuploidies of sex chromosomes 
were described. As a group they show some remark- 
able differences from the autosomal aneuploidies dis- 
cussed before. 

a) Mean intelligence is often below the norm, but the 
extent of mental retardation is not nearly as pro- 
nounced as in the autosomal conditions; many 
probands have normal intelligence, and in a few 
it is even above average (Sect. 15.2.2). 

b) The phenotypic disturbances most severely affect 
development of the sexual organs and sexual hor- 
mone dependent growth. Other malformations 
do occur - mainly in Turner syndrome, but except 
for the small stature of Turner patients, they 
usually are less frequent and less severe. 

In brief, X chromosomal aneuploidy does not disturb 
embryonic development nearly as much as does auto- 
somal aneuploidy. The reason is that normal women 
have two, normal men only one X chromosome. This 
difference led to the development in evolution of a 
powerful mechanism of gene dosage compensation 
that happened to benefit carriers of X aneuploidies 
(see below). 

Clinical Classification of X Chromosomal Aneuploi- 
dies; Mosaics. The most important numerical and 
structural anomalies of the X chromosome are found 
in Table 2.8. In general, the number of additional 
X chromosomes enhances the severity of mental re- 
tardation. The number of X chromatin bodies is one 
less than the number of X chromosomes. Table 2.8 
also lists the most frequent mosaics. It does not in- 
clude interchanges involving the X chromosome. 
The same rules apply here as for reciprocal transloca- 
tions of autosomes. Great variability in symptoms 
has been observed. 

Some of these interchanges became important for our 
theoretical concepts of X inactivation. The most se- 
vere, somatic malformations are found in Turner syn- 
drome where more cytogenetic heterogeneity exists 
than in the other X-chromosomal aneuploidies. Some 
subcategorizations have been proposed on clinical 
grounds [48, 97], the most important being the dis- 
tinction between simple gonadal agenesis without ad- 
ditional symptoms and Turner syndrome with the 
findings shown in Fig. 2.55. But the cytogenetic data 
show little if any correlation with these categorizations. 

Theoretically, XO zygotes should be somewhat more 
frequent than any other types, since they can be pro- 



Table 2 . 8 . Numeric and structural X chromosomal aneuploi- 
dies in humans 



Karyotype 


Phenotype 


Approx. 

incidence 


XXY 


Klinefelter syndrome 


1/700 d 


XXXY 


Klinefelter variant 


^ 1/2500 d 


XXXXY 


Low grade mental deficien- 
cy; severe sexual under- 
development; radioulnar 
synostosis 


Very rare 


XXX 


Sometimes mild mental 
retardation; occasionally 
disturbances of gonadal 
function 


1/1 000 9 


XXXX 

XXXXX 


Physically normal; severe 
mental retardation 


Rare 


XXY/XY 

and 

XXY/XX 

mosaics 


Klinefelter-like, sometimes 
with milder symptoms 


^5%-15%of 
all Klinefelter- 
like patients 


XXX/XX 


Like XXX 


Rare 


mosaics 






XO 


Turner syndrome 


== 1/2500 9 
at birth 


XO/XX 

and 

XO/XXX 

mosaics 


Turner syndrome; varying 
different degrees of mani- 
festation 


Not 

uncommon 


Various 
structural 
anomalies 
of X chro- 
mosomes 


Variable 


Not 

uncommon 


XYY 


Increased stature; occasion- 
al behavioral abnormalities 


1/800 d 


XXYY 


Increased stature; otherwise 


Rare 



resembling Klinefelter syn 
drome 



duced by nondisjunction in both sexes and both 
meiotic divisions. This expectation does not fit the 
observed data, as all the karyotypes together that 
lead to Turner syndrome are much rarer than XXX 
or XXY. This finding points to strong selection 
against germ cells without the X chromosome and/ 
or to strong intrauterine selection against XO zy- 
gotes. The latter expectation is corroborated by ob- 
servations on abortions, among which the XO type 
is, indeed, frequent. Another line of evidence points 
in the same direction: the risk of nondisjunction in 
general increases with the age of the mother 
(Sect. 9.2.2). For XXY and XXX karyotypes this in- 
crease can be clearly demonstrated; but not for the 
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XO karyotypes. Hence, it is assumed that surviving 
XO zygotes are the result not of meiotic but of mitotic 
nondisjunction or of early chromosome loss. The re- 
latively greater proportion of mosaics in this group 
compared with XXX and XXY fits this hypothesis. 
XYY zygotes, on the other hand, can be formed only 
by nondisjunction during the second meiotic divi- 
sion in males. Nevertheless, they are about as fre- 
quent as XXY zygotes. Therefore, the probability for 
nondisjunction of Y chromosomes appears to be 
much higher than combined probabilities for X chro- 
mosome nondisjunction. Mosaics have been ob- 
served for all types. The mechanisms for mosaic for- 
mation are discussed in Sect. lo.i. 

Intersexes (see also [29 a]). From clinical observation, 
three types of intersexes are distinguished: 

1. True hermaphroditism: germ cells of both sexes 
are present. 

2. Male pseudohermaphroditism: only testicles are 
observed. 

3. Female pseudohermaphroditism: only ovaries can 
be found. 

Unfortunately, this simple categorization is not sup- 
ported by the cytogenetic evidence. Many different 
karyotypes can be found, even 46,XX males. Many 
intersexes are mosaics for cells with different sex 
chromosome complements in various combinations. 
The phenotype of 45,XX/46,XY mosaics, for example, 
may be ovarian dysgenesis, gonadal dysgenesis with 
male pseudohermaphroditism, or “mixed gonadal 
dysgenesis” - one gonad being a streak, the other a 
dysplastic testicle. Of the true hermaphrodites, some 
have a 46,XX karyotype. Others are 46,XX/46,XY 
mosaics, or XY, or 46, XX mosaics. The XX/XY state 
may originate from any of nine different mechanisms, 
such as fertilization of the oocyte by two different 
sperms, fusion of two fertilized eggs, mitotic errors 
during cleavage, or exchange of blood stem cells be- 
tween dizygotic twins of different sex during embryo- 
nic life (Sect. 6.3.3). 

The primary function of the sex-determining factors 
is induction of gonads. Gonadal function in turn de- 
termines development of the other sexual organs 
and the secondary sex characters. Disturbances of 
gonad induction may be caused either by an abnor- 
mal sex chromosome complement or by other inter- 
fering factors not directly involving the sex chromo- 
somes. In the latter case, the intersex may have a nor- 
mal XX or XY constitution. Balanced structural chan- 
ges involving the X often lead to infertility in both 
sexes. For details on male-determining factors of the 
Y chromosome see Sect. 8.5. 



2.2.33 Dosage Compensation 

for Mammalian X Chromosomes 

Nature of the X Chromatin. After the X chromatin had 
been discovered by Barr and Bertram in 1949 [4], 
there were speculations regarding its nature. In ana- 
logy to Drosophila it was first thought to consist of 
heterochromatic parts of the two X chromosomes. 
Demonstration of its bipartite nature seemed to cor- 
roborate this conclusion. However, Ohno et al. in 

1959 [88, 89] showed it to represent one single 
X chromosome. In diploid prophase preparations of 
regenerating rat liver cells, the X chromatin body of 
the preceding interphase was not resolved as hetero- 
chromatic regions of two chromosomes. Instead, a 
rather large chromosome, heavily condensed along 
its entire length, was regularly observed. In sharp 
contrast, no such condensed chromosome was seen 
in male cells. It was concluded that each X chromatin 
body represents a single X chromosome. This conclu- 
sion was confirmed in other mammals, and Taylor in 

1960 [125] demonstrated by labeling of the late 
S phase with [^H] thymidine that the female hetero- 
chromatic X shows DNA replication only near the 
end of the S phase in somatic cells of the Chinese 
hamster. Taylor’s finding was confirmed in many 
other mammalian cells. The heterochromatization of 
the X occurs in an early embryonic stage. Cleaving 
mammalian zygotes have no X chromatin. The time 
of its first appearance in various species ranges from 
the blastocyst to early primitive streak stages, with a 
cell number of about 50 in the pig to probably thou- 
sands in humans, and sometimes before and some- 
times after implantation. In the human trophoblast 
X chromatin appears on the 12 th day of development 
and in the embryo proper on the 16 th day. It is 
formed rather suddenly in the entire embryo. 
Evidence from aneuploid human individuals with 
more than two X chromosomes shows that only one 
X chromosome remains in the euchromatic stage, 
whereas all others are heterochromatic. 

In monozygous female twins the process of X inacti- 
vation may be distinctly nonrandom [59 a], leading 
to activity of one X chromosome in the first twin 
and of the other in the second twin. In one such pair 
one twin developed Duchenne muscular dystrophy, 
whereas the other one was normal [102]. 

X Inactivation as the Mechanism of Gene Dosage 
Compensation: Lyon^s Hypothesis. In 1961 Lyon [72] 
(see also [75]) made the step from morphological evi- 
dence to function, concluding that the heteropyk- 
notic X chromosome may be either paternal or ma- 
ternal in origin and is functionally inactive. With 
this, she formulated one of the most fertile hypo- 
theses in mammalian genetics: 
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The evidence had two parts. First, the normal phenotype of 
XO females in the mouse shows that only one active X chro- 
mosome is necessary for normal development, including sex- 
ual development. The second piece of evidence concerns the 
mosaic phenotype of female mice heterozygous for some 
sex-linked mutants. All sex-linked mutants so far known af- 
fecting coat color cause a “mottled” or “dappled” phenotype, 
with patches of normal and mutant color, in females hetero- 
zygous for them. 

It is here suggested that this mosaic phenotype is due to the 
inactivation of one or the other X chromosome in embryonic 
development . . . This hypothesis predicts that for all sex-lo- 
calized gene action the heterozygote will have a mosaic ap- 
pearance, and that there will be a similar effect when autoso- 
mal genes are translocated to the X chromosome. When the 
phenotype is not due to localized gene action, various types 
of result are possible. Unless the gene action is restricted to 
the descendants of a very small number of cells at the time 
of inactivation, these original cells will . . . include both 
types. Therefore, the phenotype will be intermediate between 
the normal and hemizygous types, or the presence of any 
normal cell may be enough to ensure a normal phenotype, 
or the observed expression may vary as the proportion of 
normal and mutant cells varies, leading to incomplete pene- 
trance in heterozygotes. 

In the same year, Lyon tentatively explained an obser- 
vation on a human X-linked disease in the same way: 
In X-linked ocular albinism, male hemizygotes lack 
retinal epithelial pigment and have a pale eye fundus. 
Heterozygous females have irregular retinal pigmen- 
tation, with patches of pigment and patches lacking 
pigment, so that the fundus has a stippled appearance. 
Figure 2.56 shows this condition. Lyon also predicted 
that mosaicism should be demonstrable in other X- 
linked genes, among them the variants of the enzyme 
glucose-6-phosphate dehydrogenase (G6PD). 

Fur color in mice as affected by X-linked mutations or 
a stippled appearance of the eye fundus as shown in X- 
linked ocular albinism in man are phenotypic charac- 
teristics separated from primary gene action by the 
process of differentiation. Hence, interpretation of 
the origin of such phenotypes can always be disputed. 
These findings served to suggest the hypothesis of X- 
inactivation but were not sufficient to prove it. A criti- 
cal test of such a hypothesis should utilize simpler and 
less ambiguous situations. X-linked gene products 
whose presence can be detected at the protein level 
provided the experimental material. The first X-linked 
gene for which such an analysis became possible was 
the human G6PD locus. Indeed, Rentier [5], without 
knowledge of Lyon’s hypothesis, had independently 
developed the concept of X-inactivation by observa- 
tions on human G6PD variants. In spite of the fact 
that females have two and males only one copy of the 
G6PD gene, the average level of G6PD enzyme activity 
was found to be identical in both sexes as well as in in- 




Fig. 2.56. Right fundus in a 6-year-old daughter of a male pa- 
tient with X-linked ocular albinism. The distribution of pig- 
ment in this heterozygote is clearly patchy. (From France- 
schetti and Klein 1964, [35]) 

dividuals possessing additional numbers of X chro- 
mosomes (XXX, XXY). Hence a mechanism of dosage 
compensation must have been at work. If a female is 
heterozygous for an electrophoretic G6PD variant, 
the hypothesis of random inactivation predicts that 
in some cells the X chromosome with the normal al- 
lele, in others that with the variant allele will be active. 
Therefore a given single cell will be capable of deter- 
mining only one of the two enzyme variants. Such mo- 
saicism was, indeed, first characterized by Rentier et 
al. [6] in red cells by ingenious but indirect methods 
and later confirmed by a number of authors with var- 
ious techniques [38, 74]. One approach utilized clon- 
ing of fibroblasts in tissue culture. In the Rlack popu- 
lation, the G6PD gene is polymorphic, two frequent al- 
leles, Gd A and Gd R, being present. Cloned cells of fi- 
broblast cultures from black women heterozygous for 
these alleles showed either the Gd A or the Gd R var- 
iant (Fig. 2.57) but not both, as found in their normal 
tissues. When women heterozygous for one of the 
G6PD deficiency variants were examined, the same 
phenomenon was observed: some cell clones had nor- 
mal acitivity, and in others there was little activity. 
Other evidence came from leiomyomata of the uterus 
in women heterozygous for the A and R G6PD var- 
iants [71a]. Tumor tissues invariably showed only 
one of the two mutant types while normal uterine tis- 
sues showed both types. This finding was possible 
only under three conditions: 

1. Only one allele is active. 

2. The whole tumor originated from a single cell, i.e., 
it represents a single cell clone. 
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3. The individual X chromosomes remain either ac- 
tive or inactive over the whole period of tumor 
growth. 

Hence this experiment not only corroborated the 
Lyon hypothesis but also helped to establish the prin- 
ciple that tumors usually originate from a single 
cell. 

Experiments with single cells were also carried 
out with another X-linked enzyme anomaly: the 
hypoxanthine-guanine phosphoribosyl transferase 
(HPRT) defect, and random inactivation was con- 
firmed. This enzyme defect has been utilized for ex- 
amining many problems of human gene action. Its 
discussion is therefore deferred to Sect.7.2.2.6. 

Other Examples of X Inactivation in Humans. By a 
variety of methods X inactivation has now been 
shown for a number of X-linked conditions in man. 
Especially interesting is the demonstration of retinal 
mosaicism in red-green color blindness [8]. By shin- 
ing a very narrow beam of red or green light into 
the retinas of women heterozygous for color vision 
defects, patches of defective color perception were 
found, as would be expected if the retina were a 
mosaic consisting of normal and color-defective 
clones. 

Anhidrotic ectodermal dysplasia is a rare X-linked 
condition. Affected males show absence of teeth, hy- 
potrichosis, and absence of sweat glands. Patches 
with and without sweat glands can be recognized in 
many heterozygous females [93]. 

In chronic granulomatous disease with leukocyte 
malfunction (306400), the bactericidal activity of 
granulocytes is very much reduced; they ingest sta- 
phylococci normally but are defective in their ability 
to digest them. Heterozygous females for the X-linked 
variety of this disease have two populations of leuko- 
cytes, the normal and the abnormal [100, 136]. In 
many other X-Iinked diseases observations have 



Fig. 2.57. Electrophoretic separation of 
G6PD components in ultrasound- 
treated cells from a tissue culture of a 
heterozygous woman with genotype 
Gd AB. The original cell culture shows 
” the two G6PD components GdA and 
origin Qjg clones derived from single 
cells show either GdA or GdB but not 
both. (From Harris 1980 [50]) 



been made that are compatible with the predictions 
of the Lyon hypothesis. In some diseases, such as X- 
linked agammaglobulinemia (Bruton), there is selec- 
tion against cells in which the X carrying the muta- 
tion is active. 

Cells in Which the Second X Is Not Inactivated [73, 
74]. The X chromatin body becomes visible around 
the 16 th day, in the blastocyst stage. Functional inac- 
tivation is unlikely to occur much earlier. If one X 
were to be always inactive, the difference in pheno- 
type between the normal male (XY) and Klinefelter 
syndrome (XXY) as well as between normal females 
(XX) and Turner syndrome patients (XO) would re- 
quire explanations other than the possibility of full 
gene action of the X chromosomes prior to inactiva- 
tion. There is good evidence that no inactivation oc- 
curs in oocytes as well as in male germ cells. In the 
mouse, the enzyme LDH is specified by an autosomal 
gene while G6PD, as in humans, by an X-linked 
gene. In fertilized XO oocytes G6PD was found to be 
half as active as in XX oocytes, whereas LDH activity 
was the same in both [28]. This is a gene dosage ef- 
fect as predicted if both X chromosomes were ac- 
tive. 

One human blood group system, the Xg system, has 
an X-linked mode of inheritance. The Lyon hypo- 
thesis would predict that heterozygous females have 
two distinct types of red blood cells, each carrying 
only the antigen determined by the X chromosome 
active in its precursor cell. However, it became clear 
early in the study of X inactivation that this predic- 
tion was wrong: two different erythrocyte popula- 
tions could not be detected. One possibility was that 
the Xg antigen is not produced by the red cells but 
is taken up from their environment, for example the 
serum. This, however, was disproved by observation 
of a blood chimera (Sect. 6.3.3) - a woman who had 
received blood stem cells from her dizygotic twin 
during embryonic life in addition to her “own” red 
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cells. Some of her red blood cells were O and Xg^ + , 
others were AB and Xg^ negative. Had the Xg come 
from the serum, all cells would have had the same 
Xg type - the genetically “own” type of the pro- 
band. 

This riddle was solved when the Xg locus was shown 
to be located close to the tip of the short arm of the 
X chromosome and when at least one other locus 
that is closely linked with the Xg locus - that of the 
enzyme steroid sulfatase - was also shown to escape 
inactivation; the distal part of the short arm of the 
human X is not inactivated [104] since, unlike the 
rest of the inactivated X, this region replicates ear- 

ly- 

In recent years a number of additional, noninactiva- 
ted genes have been discovered which are located at 
Xp2i.2-p22.i and Xpii, respectively, but two such 
genes, RPS4X and XIST, have been localized on the 
long arm. The latter is active only in the inactivated 
X and could be involved in the inactivation process 
itself. Hence, inactivation does not depend on posi- 
tion of genes but on some property of individual 
genes [21]. Genes that are not inactivated are located 
all along the X chromosome. On the other hand, one 
gene, ADP/ATP translocase, is not inactivated, and 
is located in the pseudoautosomal region. An almost 
identical homologue on Xqi3~q26, however, is inacti- 
vated [110]. Here, position appears to be impor- 
tant. 

There may also be genetic factors influencing inacti- 
vation. 

X Inactivation and Abnormal X Chromosomes [126]. 
When the first abnormal X chromosomes in humans 
- such as isochromosomes of the long arm, ring 



chromosomes, or deletions of parts of the long arm 
- were observed, the rules of inactivation appeared 
simple: the abnormal X was always inactivated, leav- 
ing the cell with one normal active X. Two hypo- 
theses have been proposed to explain this specific in- 
activation pattern. According to the selection hypo- 
thesis, the normal and the abnormal X were original- 
ly inactivated at random in the same way as two nor- 
mal X. Cells with inactivation of the abnormal X 
chromosome would be genetically grossly unba- 
lanced and for this reason would have a lower divsion 
rate than the effectively normal cells with inactiva- 
tion of the normal X chromosome. The second hy- 
pothesis regarded inactivation as an inherent proper- 
ty of the abnormal X [87]. 

In the meantime, a number of translocations with in- 
volvement of the X chromosome have been discov- 
ered which show that neither of these two hypotheses 
can be entirely correct. There are three such groups 
of translocations: those with 46 chromosomes and a 
balanced reciprocal translocation (practically all of 
them the X-autosome type), those with 46 chromo- 
somes and an unbalanced X-autosomal or X/X trans- 
location; and those with 45 chromosomes and an un- 
balanced X-autosomal translocation. Only the first 
group is considered here. Observations of the second 
and third basically confirm the conclusions reached 
from the first. 

In most cases of such translocations the normal X chromo- 
some is inactivated; the phenotype is variable, depending on 
gene disruptions. Some families have been observed where 
in one member, the normal, and in another member, the ab- 
normal X chromosome was inactivated. For example, in one 
family the mother had a balanced X/21 translocation 
(Fig. 2.58). One translocation chromosome was formed from 




Mother: normal X 



normal 21 balanced X-21 translocation 



Fig. 2.58. X dosage compensation in a mo- 
ther and a daughter with different sets of 
X chromosomes. The mother has two 
X/21 translocation chromosomes and one 
normal X which is inactivated; the daughter 
has two normal X chromosomes, one of 
which is inactivated, and one translocation 
chromosome, which is also inactivated. 
(From Summit et al. 1973 [124]) 



Daughter: 




The Human Genome: Chromosomes 



the long arms, the other from the short arms of one X and 
one no. 21, the break point being close to the centromere. In 
this woman the normal X chromosome was inactivated, as 
evidenced by its late replication. Her cells showed one 
X chromatin body. Her daughter had the large translocation 
chromosome, but not the smaller one, and two normal 
X chromosomes. One of the latter was inactivated but - un- 
like in the mother’s case - the translocation chromosome 
was also inactivated. Hence, dosage compensation was 
achieved in mother and daughter alike. In the daughter, how- 
ever, inactivation extended beyond the boundaries of the X 
into the translocated long arm of no. 21, creating additional 
clinical findings similar to those occasionally described in 
monosomy 21. 

This case shows that the hypothesis according to 
which inactivation is determined by the structure of 
the abnormal X cannot generally be true. In this fa- 
mily, however, and in others in which only one inacti- 
vation pattern was found, the pattern was one that 
left the cell genetically relatively balanced. 

The abnormal phenotypes of most of these balanced 
translocation carriers involving the X chromosome 
are remarkable, as in all balanced translocations be- 
tween autosomes the carriers are normal. Two expla- 
nations are possible, between which the observations 
do not discriminate. Either the continuity of a certain 
region of the long arm is needed for full female dif- 
ferentiation - in which case the defective phenotype 
would be due to a position effect - or the inactivation 
of the same X in all cells is responsible for the abnor- 
mal phenotype, possibly due to functional hemizy- 
gosity of a recessive gene. Conceivably, one or the 
other of the mechanisms is at work in different 
cases. 

Another observation is relevant for the mechanism 
of X inactivation. Whereas many cases of isochromo- 
somes i(Xq) have been observed, only few cases of 
i(Xp) have become known despite the fact that such 
cases should be produced just as frequently by ab- 
normal centromere division [120]. On the other 
hand, Xq deletions are known to occur. All these ob- 
servations led to the hypothesis that an inactiva- 
tion center exists on the proximal part of the long 
arm of the X chromosome. If this center is present 
in the abnormal chromosome, it can be inactivated. 
If two centers are present - as in some unbalanced 
X translocations - two X chromatin bodies may be 
formed. If no center is left - as in most i(Xp) chro- 
mosomes - inactivation cannot occur, and the zy- 
gote, being functionally trisomic for the short arm 
of the X chromosome, will as a rule be grossly un- 
balanced and incapable of normal development. In a 
study of three cases with a partial Xq deletion the in- 
activation center was localized near the border be- 
tween the proximal Q-dark and Q-bright region 
(~qi3) [128]. 



Some observations even seem to indicate that the in- 
activation impulse created by this center may extend 
beyond the limits of the X chromosome in the direc- 
tion of the short arm but not the long arm. Figure 2.59 
shows the various types of abnormal X chromosomes, 
their inactivation patterns, and phenotypes. 

Much more work on X-autosome translocation has 
been reported in the mouse than in humans. Some 
data in this species also support the hypothesis that 
an inactivation center exists. It might even be possi- 
ble to enhance or diminish the activity of this center, 
as measured by the degree of inactivation of an auto- 
somal segment translocated to an X by selection ex- 
periments. 

There are many hypotheses and some studies on the 
molecular mechanism of X inactivation. So far, how- 
ever, no definite conclusions can be drawn. 

2.2.4 Chromosome Aberrations 

and Spontaneous Miscarriage [66] 

Incidence of Prenatal Zygote Loss in Humans. About 
15% of all pregnancies in humans end by recogniz- 
able spontaneous abortion, defined as pregnancy ter- 
mination before the 22 nd week (body weight of the 
embryo: 500 g or less). However, there is good evi- 
dence in humans as well as in other mammals that 
many more zygotes are lost at an earlier stage of de- 
velopment; they are often severely malformed [66]. 
It appears that almost 50% of all conceptuses may 
be lost within the first 2 weeks of development, before 
the pregnancies are recognized [121]. In humans this 
early zygote loss usually goes unnoticed. 

Incidence of Chromosome Aberrations. In 1961 two 
abortuses with triploidy were described [23, 95], 
and in 1963 the first two series of cytogenetic studies 
on abortions [16] showed a surprisingly high pro- 
portion of chromosomally abnormal abortuses. In 
the years thereafter a great number of series were 
published. One survey mentions 3714 specimens 
from fairly unbiased series, 1499 of which (40.4%) 
had chromosomal aberrations [66]. There was con- 
siderable variation among these series in the frac- 
tion of abnormal karyotypes, probably due to selec- 
tive factors such as maternal age, failures of tissue 
culture, or gestational age which to be the most im- 
portant parameter. In Fig. 2.60, the available data 
are broken down according to gestational age. The 
highest frequency of miscarriages was found be- 
tween the 8 th and the 15 th weeks of gestation, while 
only about 5% miscarriages occur during the last 
weeks of pregnancy. The relatively low frequency in 
the early weeks is explained by longer retention of 
aberrant embryos in the uterus and by the fact that 
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Fig. 2.60. Frequency of chromosome anomalies 
among 1641 spontaneous abortuses in relation to 
duration of pregnancy. The frequency among 
675 infants dying during the perinatal period and 
among 59749 newborns is also shown. (Data of 
various authors; from Lauritsen 1976 [72]) 
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such early pregnancies are often unrecognized. Tak- 
ing 15 % as the incidence of perceptible spontaneous 
abortions among all recognized pregnancies, antena- 
tal zygote loss due to chromosome aberrations can 
be estimated at about 5%-6%. This is about ten 
times more than the incidence of chromosome aber- 
rations among living newborns (about o.5%-o.6%; 



Sect.9.1.2.1). Moreover, this figure does not include 
loss of zygotes before implantation in the uterus. 
There is now good evidence from various sources, 
including mutation experiments (Sect. 11.2), that pre- 
implantation loss may be even higher. Obviously, 
spontaneous abortion is a powerful tool for early 
elimination of defective zygotes. 
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Types of Chromosome Aberrations in Aborted Fetuses. 
With the beginning of abortion studies it became ob- 
vious that the distribution of types of chromosome 
anomalies observed in abortions differs from that in 
newborns. Some aberrations, such as the XO type, 
are present in newborns as well as in abortions; oth- 
ers, for example triploidies, lead almost always to 
miscarriage and are compatible with birth of a living 
child only in exceptional cases (Sect. 2.2.1); others 
such as trisomy 16 are observed exclusively in abor- 
ted fetuses. Creasy et al. [18] have published compre- 
hensive data: 

A total of 2607 presumptive spontaneous miscarriages were 
studied. Due to various technical and other problems, chro- 
mosomes could be studied in less than half of them. This 
might have introduced certain biases. 

Of the 941 singleton abortuses 287 (30.5 %) were chromoso- 
mally abnormal. Table 2.9 shows frequencies of the main 
groups of trisomies. One-half were primary autosomal tri- 
somies, nearly one-quarter were X monosomies, and one- 
eighth were polyploid. The remainder were mostly mono- 
somies or translocations. A total of 183 autosomal trisomies 
were discovered (Table 2.9). Additional chromosomes were 
observed most frequently for chromosome 16, and for chro- 
mosomes 21, 15, and 22. No examples of an extra chromo- 
some 1, 5, 6, 7, 11, 12, 17, or 19 were detected. Among the 
36 twin pregnancies, karyotyping was possible in 26 cases 
in at least one twin. No chromosome anomalies were 
found. 



Table 2.9. Frequency of different autosomal trisomies in 
aborted fetuses (percentage in 183 cases; from Creasy et al. 
1976 [18]) 
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Phenotypes of Abortuses. There were significant phe- 
notypical differences between conceptuses with the 
various chromosome complements. The presence of 
an extra chromosome 2 or 3, for example, may be in- 
compatible with the formation of an embryo and 
leads to the production of an empty sac. 

Trisomy 9 seems to result in limited and abnormal 
embryonic development; this is in accordance with 
the occasional observation of living but severely mal- 
formed newborns (Sect. 2.2.1). A fair amount of em- 
bryonic development, albeit with malformations, 
seems to be compatible with all types of trisomy D. 
Trisomy 16, on the other hand, leads to severe and 
early developmental disturbance; empty sacs and se- 
verely disorganized embryos are observed in most 
cases. In contrast, trisomy 18 causes much less distur- 
bance, again compatible with the relatively more fre- 
quent survival into postnatal age. Of the two types 
of trisomy G, trisomy 21 is compatible with better de- 
velopment than trisomy 22. However, the authors es- 
timated from their own as well as from literature 
data that more than 60% of all zygotes with tris- 
omy 21 are aborted! 

The widest variability in phenotypic manifestation 
has been encountered in this study - as well as in 
many others - among XO zygotes, which constitute 
the most frequent single karyotype among all ob- 
served abortions. From apparently normal embryos 
to empty sacs, a wide range of phenotypes was ob- 
served. Characteristic are hygromata, i.e., edematous 
thickening of tissue, also observed in living XO new- 
borns (Sect. 2.2.3). 

The 12 triploids were mostly embryos and fetuses 
with various malformations (Sect. 2.2.1). In contrast 
to this, tetraploids were nearly all intact empty sacs; 
two of them with abnormal amniotic cavities. 

In a collection of 3714 abortions from recent studies [121], 
somewhat more than half of abnormal karyotypes were 
trisomies, ~ 20 % were monosomies, ~ 18 % polyploidies, 
= 3 % structural anomalies, and the rest others. All types of 
trisomies, excepting trisomy 1, were observed, albeit with 
greatly varying frequencies. These frequencies led to a num- 
ber of calculations [121] on the overall frequency of numeri- 
cal aberrations (trisomies and monosomies together). If 
monosomies and trisomies of all autosomes are assumed to 
occur in identical frequencies, and if early elimination ac- 
counts for unequal abortions frequencies, about io%-30% 
of all human zygotes would be abnormal chromosomally at 
conception. To some extent such speculations are corrobora- 
ted by results from chromosome studies in human sperm 
[76]. Among 6821 sperm chromosome complements, an over- 
all frequency of 3.9 % for aneuploidies was found -3.3 % hy- 
pohaploid and 0.7% hyperhaploid. The hypohaploids may 
be explained in part by artifacts; however, this explanation 
can hardly apply to the hyperhaploids. For hyperhaploids 
the relative frequencies of involvement of single autosomes 
did not deviate significantly from expectations, assuming 
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Fig. 2.6 i. Approximate frequencies of germ cells and embryos 
with chromosomal aberrations in various states of develop- 
ment up to birth 



the same probability of nondisjunction for all autosomes. X 
and Y hyerploids were much more common than expected 
[76]. For aneuploids produced during oogenesis, no such 
data are available. It is well known, however, that nondis- 
junction during oogenesis is much more common (or leads 
to a fertilized zygote much more often) than nondisjunction 
during spermatogenesis (Sect. 9.2.1). On the other hand, it is 
doubtful whether observations on human oocytes artificially 
fertilized in vitro (two-thirds with chromosomal aberrations 
[2]) can be regarded as representative of the normal situa- 
tion. 



mal aberrations. Comparison of aneuploid abortuses 
- together with tissue cultures of surviving carriers 
of aneuploidies using biochemical and morphological 
analysis - may therefore become an important tool 
for elucidation of genetic regulation during embryo- 
nic development. This topic is taken up in detail in 
Sect. 8.4.3. 



Conclusions 

The normal diploid human chromosome complement 
has 23 chromosome pairs, 22 pairs of autosomes, and 
one pair of sex chromosomes (XX in females, XY in 
males). Each chromosome can be identified individu- 
ally with appropriate methods. An increasing number 
of developmental anomalies in humans have been ex- 
plained by deviations in the number or structure of 
chromosomes. The great majority of chromosomal 
aberrations of the autosomes leads to spontaneous 
miscarriage. Trisomy 21 (Down syndrome) is the 
only autosomal aberration with survival into adult- 
hood. Its characteristic phenotype includes severe 
mental retardation. Most sex chromosome abnormal- 
ities have mild phenotypic features and are relatively 
common in the human population. 
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Some Conclusions. A number of conclusions can be 
derived from studies on chromosomes in abortions. 
Various chromosomes participate in very unequal 
proportions in the recognizable overall zygote loss. 
This nonrandom pattern becomes especially obvious 
when the numbers and percentages of autosomal tri- 
somies are compared. These findings do not indicate 
differences in nondisjunction rates during meiosis 
or during early cleavage divisions. A higher nondis- 
junction risk, however, is likely for the five acrocen- 
tric pairs of the D and G groups as well as for the X 
and Y chromosomes. The apparent differences in fre- 
quency of trisomies for the remaining autosomes 
could easily be caused by the different times of zygote 
death. For example, if trisomy 1 leads to zygote death 
before or during morula formation, all no. 1 trisomies 
will go unnoticed. Phenotypic variability may be 
wide even among groups of cytogenetically uniform 
zygotes. It is especially striking between zygotes 
with different karyotypes. Some - such as trisomy 21 
- are “near misses.” Others, for example, trisomy 16, 
are not compatible even with early stages of embryo- 
nic development and are therefore invariably lethal. 
Figure 2.61 presents a rough estimate of the propor- 
tion of zygotes eliminated up to birth by chromoso- 
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In nature's infinite book of secrecy, 
a little I can read. 

W. Shakespeare, Anthony and Cleopatra 



3.1 Organization of Genetic Material 
in Human Chromosomes 

In the first two decades of modern research on hu- 
man chromosomes many aspects of the organization 
of genetic material in chromosomes were analyzed; 
however, there was little concrete information on 
how this knowledge could be integrated with infor- 
mation from molecular biology into a molecular 
chromosome model. More recently, however, espe- 
cially since the “new genetics” began to develop in 
the 1970s, new information has accumulated rapidly. 
At present, answers are emerging to many questions 
thought to be unanswerable only a few years ago. In 
this section we present an overview. The new genetics 
has had an impact on many aspects of human genet- 
ics; we return to these results in many of the later sec- 
tions. 



3.1.1 Chromatin Structure 

3. 7. 7. 7 Single-Copy and Repetitive DNA 

Too Much DNA in a Human Genome? Shortly after 
the genetic code was deciphered in the early 1960s, 
scientists were impressed by the abundance of DNA 
in eukaryotic cells. According to various studies, the 
DNA content of a diploid human cell is of the order 
of 7.3 X 10'^^ g (range 6. 6-8.0). On the basis of mole- 
cular weights it can be calculated that a nucleotide 
pair of adenine and thymine (A = T) has a weight of 
1.025 X io~^^ g, whereas a nucleotide pair with gua- 
nine and cytosine (G = C) weighs 1.027 x g- 
Hence, the total diploid set has about 7.1 x 10^ nucleo- 
tide pairs: 



If this DNA consisted of structural genes coding for 
proteins, and if the average protein - as the hemoglo- 
bin genes - were comprised of about 150 amino acids, 
6-7 million genes could be accommodated in the hu- 
man genome [113, 114]. This figure is known to be 



too high by about two orders of magnitude; “infor- 
mative” DNA sequences are intercalated with stret- 
ches that are not translated into an amino acid se- 
quence (see below). Some have a specific function; 
for others no such a function has been detected so 
far, and it remains a matter of speculation. 

Repetitive DNA [89, 90]. One major development was 
the discovery that the DNA of higher organisms con- 
tains a large proportion of repetitive DNA sequences. 
When DNA is isolated and cut into fragments of 
about equal length, the double- stranded structure 
can be separated into single strands by heating in 
the presence of salt solutions. They move freely and 
meet one another at random. When the temperature 
is lowered, single strands meeting a complementary 
partner connect to form DNA double strands. This 
procedure offers a simple method of identifying com- 
plementary DNA strands. 

When bacterial DNA is heat-denatured in this way, 
and the fraction of newly reannealed double-strand 
DNA is registered in relation to concentration of mo- 
lecules (Q) and reaction time (t) the relationship is 
linear; logarithmic plotting gives a sigmoid curve, 
the Cj curve (Fig. 3.1). A similar experiment with hu- 
man DNA fragments (approximately 600 bases in 
length) leads to an entirely different curve. Immedi- 
ately after the experiment has started, a small per- 
centage of the DNA is double-stranded. The steep 
slope of the curve immediately afterwards shows that 
a further DNA fraction reanneals about 50000 times 
faster than bacterial DNA; still another fraction rean- 
neals 10-1000 times as fast as bacterial DNA. The re- 
maining more than 50 % of DNA shows kinetics si- 
milar to that found in bacteria. These data can be ex- 
plained as follows: A small percentage of human DNA 
consists of regions whose complementary sequences 
are located on the same strand but in reverse (= pa- 
lindromic) order. This DNA can reanneal very rapidly 
by simply folding together. Another fraction contains 
repetitive sequences that reanneal to form DNA dou- 
ble strands; here, the speed of reannealing depends 
on the number of identical (or near-identical) repeats. 
Finally, there is also single-copy DNA with reaction 
kinetics similar to that found in bacteria (Fig. 3.1). 
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Fig. 3.1. Reannealing kinetics of bacterial DNA and human 
DNA of various fragment lengths. Percentage of double- 
stranded, reannealed DNA is plotted against the product of 
DNA concentration (Cq) and time (t). Dotted, sigmoid curve 
( — ) corresponds to bacterial DNA and is characteristic for 
single-copy DNA. The curve in the middle (....) shows the 
reassociation profile of human DNA fragments 600 bases in 
length. It can be subdivided into four classes: 9 % have an un- 
measurably fast value; 22 % a value of lo"^; 12.5 % a value 
of 1.0 and 51.2% a value of 495. = lo"^ means that rean- 

nealing is about 50000 times faster than = 495. Lower 
curve ( — )y reaction kinetics with a fragment length of 
1.3 kb. These reanneal much faster. This means that most seg- 
ments contain repetitive sequences. Only about 10% of the 
DNA behave as single-copy DNA. (Data from Schmid and 
Deininger 1975 [89]; figure from Sperling 1984 [96]) 



How Are Single-Copy and Repetitive DNA Located Re- 
lative to Each Other? Various studies have shown that 
somewhat more than 50 % of human DNA consists of 
single-copy stretches about 2 kb long. These are in- 
terspersed with - mainly intermediary - repetitive 
sequences that can be subdivided roughly into long 
interspersed repeat sequences (LINE) and short inter- 
spersed sequences (SINE). The basic type of LINE 
has approximately 6000 nucleotides, and the basic 
type of SINE has some 500 nucleotides [51]. Alu se- 
quences (Sect. 3.2) are one example; shorter sequen- 
ces are discussed below. As mentioned above 
(Sect.3.1.1.1), LINE sequences are found mainly in 
the G dark chromosome bands and SINE sequences 
in the G light bands. In addition, highly repetitive 
DNA sequences formed by a millionfold repetition of 
oligonucleotides have been found in specific areas, 
such as the centromeric regions (see Sect.2.1.2.2) or 
the long arm of the Y chromosome. They often show 
conspicuous individual quantitative and qualitative 
differences with no apparent effects on the pheno- 
type. The single-copy DNA comprises the structural 
genes, but these genes occupy only a minor portion 
of this DNA. The sequence pattern described is very 
widespread and occurs in species as widely separated 



from each other as mammals, amphibia, gastropods, 
and even flagellates (for details see [91]). This wide- 
spread occurrence of a relatively stable pattern sug- 
gests an important function, which, however, has 
not been identified so far (but see Sect.3.1.1.5; 3.3). In 
some species, such as Drosophila melanogaster and 
Chironomus tentans, no such interspersion with 
short-period DNA sequence is found. 

This information, together with knowledge on the 
structure of human genes (see below), allows a rough 
estimate of the number of genes in the human gen- 
ome [115]. Let us assume that half the haploid gen- 
ome, i. e., 1.75 X 10^ nucleotide pairs, are single-copy 
sequences containing genes. If the number of genes 
is taken to be approximately 100000, this leads to 
1.75 X 10"^ or slightly fewer than 20 000 base pairs per 
gene. If we assume some 50 000 genes, this figure is 
doubled. Let us compare these figures with the gene 
lengths actually found: The longest gene found so 
far, the gene for dystrophin (whose defects lead to 
Duchenne and Becker muscular dystrophies) compri- 
ses ~ 2 X 10^ base pairs (see Table 3.4). Some other, 
“famous” genes, for example those for clotting factor 
VIII, cystic fibrosis, and phenylalanine hydroxylase, 
are of the order of magnitude of 1-2 x lo^ base pairs. 
The hemoglobin P -chain gene, on the other hand, is 
much smaller (about 10^ nucleotide pairs). Hence, 
the range is enormous. It is probable that some of 
the “big” genes have been discovered early merely be- 
cause they are big, thereby offering more mutational 
sites, and the corresponding hereditary diseases 
therefore relatively common. So far we do not know 
the average gene length, but many more than 
100 000 genes can hardly be accommodated in the 
genome. On the other hand, the number of mRNA 
species in nerve cells of the rat has been estimated 
to be in the order of 30000 [99]. Even considering 
an increase due to relatively common alternative 
splicing (i. e., that the same gene is often responsible 
for more than one mRNA), a large fraction of all 
genes appears to be active in neuronal tissue. Similar- 
ly, a large number of cDNAs constructed from natu- 
rally occurring human brain mRNA have been detec- 
ted. Whether such cDNAs, with uncertain but prob- 
able function, could be patented has given rise to 
heated discussions [116]. Various approaches to esti- 
mating the number of human genes have led to a fig- 
ure of approximately 60000-70000 [52]. 

Repetitive DNA Sequences with Specific Functions. 
Some intermediate repetitive sequences contain genes 
necessary in all cells and in each phase of individual 
development (ribosomal RNA, histone, transfer 
RNA). In general, the genes for ribosomal RNA 
(rRNA) are part of the nucleolus organizer region; 
the nucleolus contains an rRNA pool. In humans, the 
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nucleolus organizer regions comprise a part of the 
short arms of acrocentric chromosomes (nos. 13-15, 
21, 22). In vitro RNA-DNA hybridization techniques 
have been used to estimate the number of rRNA 
genes in humans [10, 11]. By comparison with the 
fraction of human DNA that hybridizes with rRNA 
and the total amount of DNA in a human cell, the 
average total number of ribosomal genes has been es- 
timated to be of the order of 416-443. 

The multigene family formed by the numerous genes 
for variable sequences of immunoglobulins (Sect. 
7.4.1) has so many similar copies that the correspond- 
ing DNA sequences must be expected to be inter- 
mediate repetitive. Other multigene families, some 
of which may contribute to the repetitive fraction, 
are discussed in Sect. 3.1.3.10. 

Satellite DNA. Much of the DNA, especially in the 
highly repetitive sequences, has been characterized 
as satellite DNA. When fragmented DNA is centri- 
fuged in a cesium chloride density gradient, a main 
band or peak is noted. In addition, however, some 
smaller peaks - or shoulders of the main peak - are 
often visible. The DNA of these smaller peaks is 
called satellite DNA; the number and location of sa- 
tellite DNA peaks is characteristic for the species 
(Fig. 3.2). Their location in the cesium chloride gradi- 
ent is determined by their base composition. A sepa- 
rate peak can be seen only if the base composition 
deviates from that of the main DNA fraction. Within 
the chromosomes, satellite DNA is usually confined 
to the constitutive heterochromatin; in humans it 
has also been found outside the centromeric areas in 
the Y chromosome, and in chromosomes 1, 9, and 
16. It consists of short but highly repetitive DNA se- 
quences that might be present in several million 
copies. (Satellite DNA must not be confused with the 
satellite regions of acrocentric chromosomes. The 
use of the same term is an unfortunate coincidence 
of nomenclature.) 




Fig. 3.2. Human satellite DNA. Analytical ultracentrifugation 
of total placental DNA in a cesium sulfate gradient in the pre- 
sence of silver ions demonstrating the presence of satellites I 
(1444), II (1451), and III (1509). (From Miklos and John, 
Amer. J. Hum. Genet. 31, p. 266, 1979) 



The function of satellite DNA is unknown and has 
therefore been the subject of much speculation. Since 
its discovery, cytogeneticists have been struck by its 
location within parts of the chromatin known for 
many decades from microscopic analysis as hetero- 
chromatin. 

The Structure of Telomeres. Telomeres are the physical 
ends of eukaryotic chromosomes [8]. It is known 
from early work by Muller and McClintock (see 
[123]) that intact telomeres do not undergo fusion 
with other chromosome segments. Apparently the 
telomere provides a protective “cap” for the end of 
the chromosome. Telomeric DNA sequences and 
structures are similar among otherwise widely diver- 
gent eukaryotes. They consist of a very simple, tan- 
demly repeated DNA sequence. In humans it is 
(AGGGTT)n [72]. The G-rich sequence runs 5' to 3' 
(for explanation see Sect. 3.1.3) to the end; it pro- 
trudes approximately 12-16 nucleotides beyond the 
complementary C-rich strand. The end is protected 
against chemical and enzymatic influences by spe- 
cific, telomere-binding proteins. 

3.1. 1.2 Heterochromatin 

Definitions and Properties. The name “heterochroma- 
tin” was coined by Heitz in 1928 (see [78]), who wrote 
(our translation): “In P(ellia) epiphylla [a moss] 
some parts of five of the nine chromosomes behave 
differently. In telophase, they do not become invisible 
as do the remaining parts and the other four chromo- 
somes but can be observed as such in young inter- 
phase nuclei and also in nuclei of adult cells.” Mainte- 
nance of the condensed state in interphase has re- 
mained the main characteristic of heterochromatin 
[12]. Later, other peculiarities were discovered. Most 
DNA replication during S phase, for example, occurs 
somewhat later in heterochromatin than in euchro- 
matic chromosome segments. Two subclasses are 
usually distinguished: constitutive and facultative 
heterochromatin. In humans the facultative fraction 
is represented by the inactivated X chromosome in 
females and in males having more than one X 
(Sect.2.2.3.3). 

Heteromorphisms: Function and Relationship to Satel- 
lite DNA [55]. There is a large amount of interindivi- 
dual variability in heterochromatin (Sect.2.1.2.3), 
more than in the euchromatic parts of the genome. 
Such variants are called “heteromorphisms.” In addi- 
tion to the regions mentioned above (secondary con- 
strictions of nos. 1, 9, 16), heteromorphisms are found 
mainly in the centromeric and satellite regions of ac- 
rocentric chromosomes. It has been known for many 
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years that no classical genes can be assigned to con- 
stitutive heterochromatin, but most research workers 
are reluctant to assign no function at all to it. Many 
functions have been suspected. Examples include sta- 
bilization of chromatin structure and a “bodyguard” 
function for protection of the more valuable euchro- 
matic DNA sequences against external impacts 

[41]. 

These considerations suggest that the phenomena ob- 
served by classic cytogeneticists which led to the con- 
cept of heterochromatin are closely related to more 
recent data on highly repetitive DNA and satellite 
DNA, which are derived from entirely different ex- 
perimental approaches. Satellite DNA, highly repeti- 
tive DNA, and heterochromatin are located mainly 
close to the centromeres, but can also be found in 
other regions of some chromosomes (1, 9, 16, Y). 



3.1. 1.3 The Nucleosome Structure of Chromatin 

[ 53 , 63 ] 

Chemical Composition of Chromatin. In addition to 
DNA, chromosomes contain a number of proteins. 
Together with the double helix of DNA these proteins 
form chromatin. Most abundant are the histones, po- 
sitively charged alkaline proteins with a molecular 
weight of about 10 000-20 000. These can be subdivi- 
ded into five classes (Hi, H2A, H2B, H3, and H4). 
Other, so-called nonhistone proteins are present in 
varying but generally smaller amounts. The nonhis- 
tone fraction is heterogeneous and includes, for ex- 
ample, a number of enzymes. 

Nucleosomes [53]. The chromatin thread consists of 
repeat units made up of a set of histone molecules in 
association with about 200 DNA base pairs. The set 
of histones consists of two each of the four types 
H2A, H2B, H3, and H4. They are folded in a globular 
fashion, forming a cyclinder. The DNA component of 
a nucleosome has two parts: a “core” of 140 base 
pairs, and a “linker” which varies in length from 
about 15 to about 100 base pairs, depending on the 
cell type. Such linkers apparently connect the nucleo- 
somes with one other. Histone Hi, which is about 
twice as long as the other histones, keeps the entire 
structure close together. When it is removed (which 
is not difficult experimentally) the chain becomes 
much looser (Figs. 3.3, 3.4). There is only one Hi mo- 
lecule per nucleosome. The DNA is wrapped around 
the set of eight histones, forming a roughly spherical 
particle with a diameter of about 100 A. Such parti- 
cles lie close to each other along the length of a chro- 
matin fiber. The exact way in which DNA is associ- 
ated with histones is unknown; however, the double- 
helix structure is apparently undisturbed. Studies 




Fig. 3.3. Nucleosome. - A DNA sequence, 146 bp long, is 
wound one and three-fourths times around the histone octa- 
mer. This octamer consists of a central (H3)2(H4)2 tetramer 
and two H 2 A-H 2 B dimers. Approximate size: 11 nm diame- 
ter, 4-5 nm height. (From Knippers 1990 [51]) 




Fig. 3.4. Schematic representation of the nucleosome struc- 
ture of chromatin. In in vivo experiments the precise struc- 
ture depends on the salt concentration. At 100 mmol NaCl, 
6-8 nucleosomes are combined in one turn of the chromatin 
thread (above). At lower salt concentrations, only 3-4 nucleo- 
somes/turn can be seen (middle). In the absence of salt, nu- 
cleosomes have little contact with each other. (From Knippers 
3rd ed. 1982 [51]) 
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with DNA-RNA hybridization techniques (see 
Sect. 3.1.3.3) indicate that a wide variety of functional- 
ly different DNA stretches occur in the nucleosomes, 
from single-copy to repeated-sequence DNA, and ac- 
tively transcribed sequences as well as those belong- 
ing to constitutive heterochromatin. Apparently the 
packaging in nucleosomes does not interfere with 
transcription [54]. Virtually all chromosomal DNA 
in eukaryotic cells is probably packaged in nucleo- 
somes. The evidence for the nucleosome structure 
comes mainly from three lines of work: chains of par- 
ticles are observed in electron micrographs of chro- 
matin, X-ray diffraction studies suggest a repeat unit 
of chromatin, and enzymatic digestion with micro- 
coccus nucleases allow the isolation of single nucleo- 
somes. 



3.1. 1.4 Integration of the Chromatin Thread 
in Chromosome Structure 

Interphase. The chromosome in interphase can be vi- 
sualized as an elementary fibril that consists of a se- 
quence of nucleosomes connected by linkers. This fi- 
bril does not extend through the entire nucleus but 
occupies certain domains [61, 62]. Chromatin is high- 
ly spiralized. Some aspects of the precise order of this 
spiralization are still being disputed; the fibers ob- 
served by various methods, and representing increas- 
ing orders of spiralization in inter- and metaphase 
are described in Table 3.1. 

Mitotic and Meiotic Chromosomes. As seen in Ta- 
ble 3.1, chromosomes in mitosis and meiosis show a 
much higher degree of coiling than in interphase. 



Table 3.1. Fibrils in inter- and metaphase: degree of shorten- 
ing compared to the DNA double helix, diameter in A. 



Fibril 


Degree of shortening 


Diameter 




To the 
next unit 


Compared 
with DNA 




DNA 


1 


1 


10 A 


Nucleosome 


7 


7 


100 A 


Nucleoprotein 
fibre (spheroid, 
superbead, ele- 
mentary fibril) 


6 


42 


200- 300 A 


Chromatid in 

interphase 

(chromonema) 


40 


1600 


1000-2000 A 


Chromatid 

metaphase 


5 


8000 


5000-6000 A 



Their banding patterns are discussed in Sect.2.1.2.3. 
The number of subbands into which a band can be 
resolved varies with the degree of condensation 
(e. g., mitotic prophase or metaphase) and the quality 
of the staining method. An upper limit of so-called 
chromomers appears to be approximately 30000- 
100000 base pairs in length (see below [93]). Consid- 
ering the number of base pairs/haploid genome 
(~ 3.5 X 10^) and the number of bands seen even in 
the best preparations (up to ~ 2000; Sect. 2.1.2.3), no 
one has yet even come close to achieving this level 
of resolution. 

Studies on replication patterns of mitotic chromo- 
somes have shown that dark G bands (= light 
R bands and, as a rule, bright fluorescent Q bands) 
usually replicate in the second phase of DNA syn- 
thesis (S phase). The single band in prometaphase 
chromosomes appears to be the unit of replication 
(which consists of a number of replicons, i. e., replica- 
tion appears to start at several points within this unit 
at about the same time). There has been speculation 
that the organization into units of replication is of 
some functional significance. These units contain 
many highly repetitive and nontranscribed DNA se- 
quences. The number of visible bands depends on 
the degree of chromosome condensation, as outlined 
in Fig. 3.5. As mentioned, G light areas (= Rbands) 
contain more genes, especially “house-keeping” 
genes; G dark (= R light) bands contain fewer genes, 
especially those for thissue-specific functions. 

In the human genome, regions with prominent R- 
bands are found especially in chromosome regions 
3p, 6p, iiq, i2q, i/q, and 19 (p or q). Linkage studies 
(Sect. 5.1.2) have indeed localized more genes in these 
areas than would have been expected with a random 
distribution of genes. Furthermore, the number of re- 
cognized abortions that are trisomic for these regions 
is lower than expected, indicating very early and 
therefore undetectable lethality [38]. 

Many studies suggest a fine structure of the meta- 
phase chromosome with certain “areas of constraint” 
(probably identical with dark G areas) alternating 
with other areas in which loops may be formed under 
certain conditions [108]. 

3. 1. 1.5 Integrated Model of Chromosome Structure 

These data, together with results from molecular 
biology (see below), suggest an integrated model of 
the human chromosome. It consists basically of a sin- 
gle DNA double helix combined with histones in nu- 
cleosomes over its whole length. In some regions 
this double helix is composed mainly of repetitive se- 
quences; highly repetitive satellite DNA stretches may 
be interspersed. Areas in which such repetitive se- 
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Fig. 3.5. Production of chromosome 
banding (G-banding) patterns by coiling 
of the chromatic strand, which includes 
lightly stained as well as dark areas! Note 
that the number of microscopically visible 
G bands decreases with increasing density 
of coiling. (From Schwarzacher 1976 [93]) 



quences are abundant, primarily the centromeric re- 
gions and secondary constrictions, are characteristic 
of (constitutive) heterochromatin. Elsewhere, the 
double helix consists mainly of unique sequences 
which are interspersed with low or intermediate repe- 
titive regions. Classical cytogenetic methods show 
these segments to have the properties of euchroma- 
tin. Under certain conditions they may show more 
or less extended loops. 

In especially well-suited cells (e. g., the relatively large 
oocytes of amphibia) chromosome structure can be 
studied in detail, and even transcription can be ob- 
served [70, 108]. 



3.1.2 The Genetic Code 

One of the principal achievements in the 1960s that 
made the new genetics possible was the deciphering 
of the genetic code. Using synthetic trinucleotides, it 
was shown that a given triplet of bases specifies the 
ribosomal “translation” of a given amino acid. Soon 
the codons (three nucleotides coding for an amino 



acid) for all amino acids had been established (Ta- 
ble 3.2). All amino acids except tryptophan and me- 
thionine have more than one codon, i.e., the code is 
degenerate. The base in the third position of a codon 
has reduced specificity, since four codons differing 
only in the third base are synonymous and represent 
the same amino acid. This feature and the tendency 
for similar amino acids (polar, etc.) to be specified 
by related codons ensure that the random mutational 
alteration of a nucleotide has minimal effects. Three 
codons specify termination signals; wherever these 
three triplets appear, translation is stopped. The 
AUG codon for methionine specifies the initiation of 
translation by N^-formyl methionine at the beginning 
of a polypeptide chain. 

The genetic code is universal and is used by organ- 
isms as far apart as viruses and humans - an im- 
pressive demonstration of the unity of life and its 
common origin on the planet earth. In recent years 
some minor exceptions to codon usage have been no- 
ticed in mitochondria, in that UGA is a tryptophan 
rather than a termination codon. 



3.1.3 Fine Structure of Human Genes 

Around 1970 molecular biology seemed to have 
reached a certain degree of completeness. The struc- 
ture of DNA [120], the mechanisms of DNA replica- 
tion, the “central dogma” of gene action - transcrip- 
tion and translation - and some major aspects of 
gene regulation were well established. Since the basic 
structures and processes had been analyzed mainly 
in micro-organisms, special features in eukaryotes 
(including humans) presented a number of additional 
problems; however, entirely new results were not ex- 
pected at that time. In the early 1970s, however, a 
completely new development was triggered mainly 
by development of a new research tool: restriction en- 
donucleases. The recombinant DNA technology that 
has developed since that time has opened the way to 
large-scale industrial production of gene products 
such as biologically important proteins, and to genet- 
ic manipulation of various organisms by artificial 
gene transfer. Our understanding of structure and 
function of the genetic material - especially in eukar- 
yotes, including humans - has deepened far beyond 
our keenest hopes. Completely unexpected facts have 
been discovered, with implications for both theoreti- 
cal and practical fields such as gene action, popula- 
tion genetics, evolution, and genetic counseling in- 
cluding prenatal diagnosis (Chap. 7; 14; 18.). This en- 
ormous progress has also given rise to widespread 
public concern over possible novel consequences of 
genetic engineering, either by inadvertent production 
of dangerous germs or even by manipulation of hu- 
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Table 3 . 2 . Genetic code 



Second base 





DNA 






A 




G 




T 




C 




DNA 








mRNA 




U 




C 




A 




G 


mRNA 








A 


U 


UUU 

UUC 


1 Phe 


UCU 

UCC 


^ Ser 


UAU 
UA C , 


[lyr 


UGU 
UGC , 


[ Cys 


U 

C 


A 

G 








UUA ' 


Leu 


UCA 


UAA 


[term 


UGA 


TERM 


A 


T 










UUG . 


UCG 




UAG , 


UGG 


Trp 


G 


C 










CUU 




ecu 




CAU ’ 


[hu 

[ Gin 


CGU 




U 


A 






G 


C 


cue 

CUA 


- Leu 


CCC 

CCA 


Pro 


CAC 1 
CAA 1 


CGC 

CGA 


■ Arg 


C 

A 


G 

T 




First 






CUG . 




CCG 




GAG J 


CGG 




G 


C 


Third 


base 






AUU 1 




ACU 




AAU 1 


1 Asn 


AGU 1 


[ Ser 


U 


A 


base 




T 


A 


AUC 


1 


ACC 


Thr 


AAC J 


AGC J 


C 


G 










AUA 1 




ACA 


AAA 1 


t Lys 


AGA 1 


[ Arg 


A 


T 










AUG 


Met 


ACG 




AAG J 


AGG J 


G 


C 










GUU 




GCU 




GAU 1 


■ Asp 
■GIu 


GGU 




U 


A 






C 


G 


GUC 

GUA 


■ Val 


GCC 

GCA 


Ala 


GAC ) 
GAA 1 


GGC 

GGA 


-Gly 
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T 










GUG 




GCG 




GAG i 


GGG 




G 


C 





TERM, Terminator (stop) codon. 



man embryos. Many of these ethical concerns were 
first articulated by the scientists actively involved in 
this work. At present, most scientists regard concerns 
about safety as largely unfounded; nevertheless, many 
ethical problems remain, and new ones continue to 
arise. 

Whereas in earlier decades human and medical ge- 
netics developed as a relatively separate branch of 
science, large parts of the field have now been incor- 
porated into mainstream research in molecular ge- 
netics. This development makes it more difficult to 
delineate the field. A textbook of human genetics can- 
not describe in detail all techniques of molecular 
biology that have led to such enormous scientific 
progress in human genetics. More specific sources 
should be used [51, 121, 122]. However, the principles 
of the new approaches need to be understood by all 
human and medical geneticists, as well as by students 
and research workers interested, for example, in evo- 
lution or behavior genetics. 

3.1. 3.1 Analysis of Human Genes 

Much of the work in human molecular genetics has 
dealt with the discovery and analysis of human genes. 
Such analysis is described here with some character- 
istic examples. First, some instruments used in the 
analyses are described. 



3.1. 3.2 Restriction Endonucleases 

Germinal Observations. In the course of his work on 
infectivity of the A phage of various strains of 
E.coli, Arber [2] discovered that the DNA of this 
phage is fragmented - and infectivity influenced - 
by passage of the phage through the bacterium; clas- 
sical recombination processes or mutations are not 
involved. Moreover, this is not specific to phage 
DNA; any foreign DNA is cut by these bacteria in 
the same way. This cutting can be regarded as a de- 
fense mechanism of the cell against foreign DNA, 
and is performed, as further studies have shown, by 
enzymes referred to as restriction endonucleases. 
This immediately raised the question of why these 
enzymes do not cut the DNA of their own cells. The 
answer found by Arber was that these enzymes acted 
only at certain specific recognition sites of the DNA, 
and that these sites are protected by methylation. 
The restriction endonucleases that were discovered 
first did not cut DNA at their specific recognition 
sites, but at other random sites. The first restriction 
enzyme that cleaved DNA at a sequence specific site, 
the Hind enzyme, was discovered by Smith at the 
end of the 1960s (see [2]). It was used first by 
Nathans [74] to construct a cleavage or restriction 
map of the genetic material of an organism - the 
SV40 virus. Berg [6] recognized the special advanta- 
ges of DNA double strands in which the two strands 
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are cut so that “sticky ends” are produced. One of 
the two strands is several bases longer than the 
other; these bases are now free to pair with other 
bases, for example, from another piece of DNA with 
sticky ends [268]. By this means DNA from various 
sources and various species can be joined to produce 
recombinant DNA. 

Principles of DNA Recombination Technology [22]. A 
great number of such restriction enzymes (> 150) 
that cleave DNA at specific sites have now been dis- 
covered [51]. The enzyme Ri, for example, cuts DNA 
double strands in such a way that two adhesive ends 
are produced: 

G-A-A-T-T-C 

III II II II II III 

C-T-T-A-A-G 

T 

Adhesive ends of different DNA molecules split by 
this enzyme connect by fourfold A = T pairing. A li- 
gase is required for closing the gap. The various re- 
striction endonucleases [51] differ in their sequence 
recognition sites. They can be used for a variety of 
purposes. A common application is the production 
of proteins in large quantities by introducing the re- 
levant coding DNA into the micro-organisms or hu- 
man cell lines. This use is important practically. Pro- 
teins otherwise available in only minute amounts 
can be produced in large quantities. The following 
principle is used. Apart from their single ring-shaped 
chromosome, bacteria often carry additional small, 
double-stranded DNA rings known as plasmids. Plas- 
mids replicate autonomously and include genes for 
resistance against antibiotics and for substances that 
kill other bacteria, the colicins (Fig. 3.6). Such plas- 
mids can be selected so that they are split by a re- 
striction enzyme at one site only. Double-stranded 
DNA that has been cut by the same restriction en- 
zyme may be introduced and replicated together 
with the rest of the plasmid within the bacterium 
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Fig. 3.6. E.coli cell with chromosome and plasmid. (From 
Khngmiiller 1976 [50] 



(Fig. 3.7). The source of the exogenous DNA is imma- 
terial. It could come, for example, from human 
cells. 

Besides bacterial plasmids, A phages (the objects of 
Arber’s studies) are also being used as DNA vectors. 
Part of the A genome is not essential for lytic growth 
of the phage; instead, the phage is able to take up for- 
eign DNA and to propagate it together with its own 
genome after infection of a bacterium. Certain tricks 
make it possible to improve the cloning capacity of 
plasmids by combining them with parts of the 
A phage, especially the A gene cos. In this way so- 
called cosmids are formed - especially well-suited 
vectors for human DNA in which up to 45 kb can be 
cloned [122]. Extremely useful vectors are yeast artifi- 
cial chromosomes (abbreviated YACs [14, 51, 122]) in 
which DNA sequences up to 1000 kb can be cloned - 
in distinction to the vectors mentioned above 
(Fig- 3-8). 

Once recombinant DNA has been replicated and am- 
plified together with plasmid or phage DNA in trans- 
formed or transfected cells, two questions arise: 

1. How can clones containing hybrid DNA be recog- 
nized among the progeny of transformed cells or 
viable bacteriophages? 

2. How are specific DNA segments identified among 
the many cloned fragments? 

Bacterial cells can be selected, for example, if the 
plasmids contain a resistance factor against an anti- 
biotic, and if the culture is grown in the presence of 
this antibiotic. A variety of selection methods have 
been developed in recent years. 

For genetic engineering of proteins, it is not only ne- 
cessary to select and amplify certain DNA regions 
but also to induce them to express genetic activity 
and produce the required protein. This requires that 
the desired DNA sequences be combined with the 
machinery that promotes DNA transcription and 
translation, and that secondary processing at the 
transcriptional and translational levels be carried 
out correctly. 

Identification and Analysis of Genes: Southern Blot- 
ting (Figs. 7,53, 12.5). The technique often used for the 
analysis of genes was described by Southern in 1975 
[95]. The total DNA of human cells is cut by a restric- 
tion enzyme into thousands of fragments with a size 
range of 10^ to lo^bp. The fragments are separated 
according to molecular weight by gel electrophoresis 
in agarose, and the double helices are separated by al- 
kali treatment to produce single strands. The frag- 
ments are then blotted onto a nitrocellulose or nylon 
filter and fixed at 80 °C. The resultant pattern repre- 
sents a replica of the electrophoretically separated 
DNA from the original agarose gel. The DNA frag- 
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Foreign DNA 




Fig. 3.7. Principle of introduction of foreign DNA 
into a bacterial plasmid using the RI endonuclease. 
(Adapted from Vosberg 1977 [118]) 




ments can be identified by hybridization with radio- 
active DNA probes that are specific for genes or chro- 
mosomal regions. Any fragment that contains part or 
all of the probed gene sequence is seen as a dark 
band after autoradiography. 

Probes and Gene Libraries. An essential condition for 
such an analysis is availability of a gene-specific DNA 
probe that can be labeled and used for hybridization. 
In cases where messenger RNA is available, a specific 
probe can be produced by the enzyme reverse tran- 
scriptase. This enzyme catalyzes transcription of the 
mRNA nucleotide sequence into the complementary 
DNA sequence, so-called cDNA. mRNA is not used 
directly for hybridization, since it is too unstable or 
is not available in sufficient quantities. mRNA from 
a given tissue can be used to construct a cDNA gene 
library. Such cDNA libraries contain mainly single- 
sequence DNA specific for transcribing structural 
genes or their parts, and DNA sequences from their 
immediate neighborhood. They are used mainly for 
finding and characterizing the genes active in a given 



tissue (see also [71]). Genomic libraries are avail- 
able. They are produced by cutting DNA into seg- 
ments using restriction enzymes and amplifying the 
resulting DNA pieces in a vector. They are used, for 
example, for finding complementary sequences in 
the genome. This permits investigation of the distri- 
bution of homologous sequences in the genome. Of- 
ten a restriction polymorphism is discovered inside a 
certain DNA sequence; i.e., variation in restriction 
sites between different individuals. In these cases, 
such probes may be used for classical linkage studies 
in human families by methods described in 
Sect. 5.1.2. 

Working with such genomic libraries is often unsatis- 
factory because of the sheer size of the human ge- 
nome and the large number of fragments from which 
the “interesting” ones must be selected. For many 
problems it is preferable to have chromosome-specific 
banks. Construction of such banks, however, requires 
that specific chromosomes can be isolated. Such pre- 
parations are now possible by cytofluorimetric chro- 
mosome sorting [16 a]. 
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Fig. 3.8 a-d. Cloning large DNA fragments as YAC’s. 
The cloning vector in circular configuration is first 
produced in bacteria and then cleaved to provide the 
two “arms” containing the telomeres (TEL), a repli- 
cation origin (OR), a centromere (CEN), and the 
genes (URA, TRP) used for selecting the transformed 
yeast clones. When these arms are ligated to a very 
large human DNA fragment (100-1000 kb) extracted 
from cultured cells, the DNA fragment is transformed 
into a YAC. After introduction into yeast it is able to 
replicate (thanks to the OR sequence), to stabilize its 
ends (thanks to the TEL sequences), and to share its 
copies among the daughter cells during division 
(thanks to the CEN sequence). (From Jourdan 1993) 



Artificial oligonucleotides are another powerful tool 
for the construction of cDNA [102], especially in 
cases where no mRNA is available. Using our knowl- 
edge of the genetic code, they may be constructed, 
for example, for structural genes of protein with 
known amino acid sequences. Machines for construc- 
tion of any desired nucleotide sequences are avail- 
able. 

When a gene has been identified - especially when 
mRNA is available - its fine structure can be ana- 
lyzed by combining various methods. The ultimate 
goal of such studies is elucidation of the complete nu- 
cleotide sequence of the entire genetic region. Once 
the nucleotide sequence has been established, the 
mRNA can be searched in various tissues using hy- 
bridization methods (see below). The protein se- 
quence can be deduced using the genetic code, and 
its function can be elucidated. This approach has be- 
come one of the most powerful for elucidating phy- 
siological mechanisms as well as their abnormalities 
in disease (for an example, see Sect.3.1.3.9). 

3.1. 3.3 Nucleic Acid Hybridization 

Principle, Under suitable conditions, single DNA 
strands tend to reanneal with complementary strands 
to form double strands. This property is used to 
identify electrophoretically separated DNA fragments 



by Southern blotting (Sect.3.1.3.2). Most naturally oc- 
curring DNA forms double helices. In a DNA double 
helix the pyrimidine base cytosine (C) pairs with the 
purine base guanine (G), whereas the pyrimidine 
base thymine (T) pairs with the purine base adenine 
(A). These complementary base pairs (C = G; T = A) 
are joined by hydrogen bonds, which can be resolved 
relatively easily. They have a strong tendency to rean- 
neal under suitable conditions (temperature, salt con- 
centration), forming double helices again when sin- 
gle-stranded DNA chains are mixed. The origin of 
single-stranded DNA is not important for reanneal- 
ing; it does not even require complete complementar- 
ity of the single strands and even works when a cer- 
tain fraction of the bases in each strand do not match 
(Fig. 3.9). Single-stranded DNA pairs hybridize even 
with RNA, provided only that complementarity of 
bases is maintained. 

“Gene Walking” The hybridization technique may be used, 
for example, for analysis of a large gene when only part of 
its sequence is available. The probe is hybridized with se- 
quences from a DNA library. A hybridizing library sequence 
is generally longer than the probe; its ends overlap with an- 
other library sequence and hybridize with it in part. Its free 
end hybridizes with the next, until a long portion, a “contig”, 
for example an entire structural gene, has been assembled. In 
this way, the structural gene for the human blood clotting 
factor VIII, an extraordinarily long gene with 180 000 bases, 
was reconstructed starting with an oligonucleotide probe 
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a 



b 



c 



Fig.3.9a-c. Principle of DNA (or RNA) hybridization, 
a Nucleotide single strands in solution, b The single strands 
hybridize according to the pairing rules: thymine pairs with 



adenine, cytosine pairs with guanine, c Hybridization may 
also occur if matching of the two chains is not perfect, provi- 
ded that the differences are not too large 



only 36 bases in length. The above-mentioned method of first 
identifying a specific mRNA and then constructing a cDNA 
by reverse transcription was not feasible - mainly because 
of low mRNA concentration. The DNA sequence of the oligo- 
nucleotide probe was therefore inferred from the amino acid 
sequence of a factor VIII protein fragment; the precision 
achieved was sufficient for hybridization. For the entire ana- 
lysis of the factor VIII gene, see Sect. 3. 1.3.7. 

In Situ Hybridization with Radioactive Probes. A 
technique especially well-suited for analysis of eu- 
karyotic genomes is in situ hybridization [24, 42, 
77]. Here, metaphase chromosome preparations 
are treated in situ with a radioactive DNA probe un- 
der conditions permitting hybridization with the 
chromosomal DNA. In this way, the gene of interest 
can be localized on a specific chromosomal seg- 
ment. As an example, the essential steps are now 
discussed with reference to myosin heavy-chain 
gene [82]. 

A cDNA probe for the myosin heavy-chain gene was 
available from the rabbit. Since homologous structur- 
al genes from various mammals are generally similar, 
DNA hybridization between DNA of mammalian spe- 
cies is not impaired. This probe was amplified in a 



plasmid and labeled with ^H by nick translation. In 
this procedure, DNA is incubated with a small 
amount of DNAase I; this enzyme produces several 
single-strand breaks. Radioactive nucleotide building 
blocks are then added, together with a polymerase; 
these blocks are introduced into the DNA struc- 
ture. 

Mitotic chromosome preparations were obtained 
from lymphocyte cultures. After DNA denaturation, 
the ^H-labeled DNA probe was incubated in the 
metaphase spreads for 16-18 h at 40 °C. After remov- 
al of unbound or nonspecifically associated probe 
DNA, autoradiography was carried out for 3 weeks. 
Following staining with quinacrine mustard (Q stain- 
ing) the preparations were photographed. Figure 3.10 
shows distribution of the label among human chro- 
mosome bands. The bulk of the label was localized 
to the short arm of chromosome 17, band 17 pi 2-^ 
pter. Hence it was concluded that this myosin 
heavy-chain gene is located on this chromosome. 
Since this experiment was performed with a cDNA 
probe, it is theoretically uncertain that the myosin 
gene identified in this way is indeed an active gene; 
it could also be a “pseudogene,” i.e., a DNA se- 
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Fig. 3.10. Grain distribution in 36 metaphase spreads after in 
situ hybridization with a myosin heavy-chain cDNA probe. 
This histogram results from an analysis based on the division 
of the human haploid karyotype into no equal segments 



(chromosomes drawn in one quasi-continuous sequence). 
The number of labeled sites was plotted for each segment. 
Clustering of grains was found on the short arm of chromo- 
some 17. (From Rappold and Vosberg 1984 [82]) 



quence that is structurally homologous to the active 
myosin gene but does not code for myosin, having 
lost important flanking sequences outside the tran- 
scribed portion. Such pseudogenes have been discov- 
ered, for example, within the a- and / 3 -globin re- 
gions (Sect. 7.3.2). An increasing number of human 
genes have been localized using this technique 
(Sect. 5.1.2). 

This method requires knowledge of the DNA struc- 
ture and availability of a gene or cDNA fragment or 
sequences of the gene to be studied. If the protein se- 
quence is known, artifical oligonucleotides can be 
constructed as inferred from the genetic code. How- 
ever, since the code is degenerate, i. e., several differ- 
ent triplets of nucleotides specify the same amino 
acid, the actual codon used in the specific gene under 
study is not known so that the codon used most fre- 
quently to specify a given amino acid for oligonu- 
cleotide construction is chosen. 

In recent years this method has often been replaced 
by nonisotopic in situ hybridization. The introduc- 
tion of these methods has opened an entirely new 
chapter of molecular cytogenetics; therefore they are 
described in some detail. 



Fluorescence In Situ Hybridization. The method of 
fluorescence in situ hybridization (FISH) [401, 47b], 
also known as chromosome painting, is now being 
applied for the solution of an increasing number of 
problems as well as for diagnosis of chromosomal ab- 
normalities; it represents a rewarding “marriage” be- 
tween cytogenetics and molecular genetics. The prin- 
ciple of FISH is the hybridization of a known DNA or 
chromosomal sequence tagged with a fluorescent dye 
to its homologous counterpart in a conventional 
chromosome preparation followed by visualization 
of the target sequence by fluorescent techniques, of- 
ten in different colors (Fig. 3.11). 

FISH is a multistep procedure. The following steps are neces- 
sary: (a) preparation and labeling of DNA probes, (b) pre- 
paration of metaphase chromosomes, cell suspensions, or tis- 
sue sections, (c) denaturation of double-stranded DNA of the 
probe and of the specimen to be studied to obtain single- 
stranded DNA, (d) in situ hybridization, and (e) fluorescent 
probe detection, generally by fluorescence microscopy. 

(a) During the labeling reaction modified nucleotide analogs 
are incorporated by hybridization. These are linked to hap- 
tens, for example, biotin or digoxigenin. Alternatively, nu- 
cleotide analogs are conjugated directly to fluorochromes. 
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(b) Preparation of metaphase and prophase chromosomes 
follows standard cytogenetic protocols. The method has the 
significant advantage that chromosomes can also be identi- 
fied and analyzed in interphase; this has turned out to be 
especially useful for chromosome identification in amniotic 
fluid cells or in nuclei of tissue sections [i8]. 

(c) The probe molecules and target DNA are denatured by 
heat. If complex DNA probes are used, an additional prean- 
nealing step with an excess of unlabeled DNA prior to hy- 
bridization with the labeled probe is required to prehybri- 
dize dispersed repetitive sequences which are present not 
only in the target DNA but are distributed over the entire 
genome; otherwise they would obscure hybridization by 
the labeled probe (chromosome in situ suppression, CISS, 
hybridization [62]). This pretreatment allows specific deli- 
neation of target sequences without the need to prepare 
DNA probes consisting entirely of target specific sequen- 
ces. 

(d) Hybridization is carried out for about 16 h, and is much 
faster than detection with radioactive probes. 

(e) Fluorochromes linked to avidin are used to detect the 
target sequence. Avidin has a high affinity to biotin or to au- 
toantibodies specifically recognizing a hapten used for probe 
labeling. Numerous fluorochromes are available which emit 
blue, green, or red colors. Hybridization is visualized by 
fluorescence microscopy with various filters. Digital imaging 
devices such as charge-coupled device (CCD) cameras add 
to the sensitivity of the method and allow quantification of 
fluorescent images. Confocal laser scanning microscopy 
[16] is used to study three-dimensional targets in cell nu- 
clei. 

Generally, FISH has high sensitivity and resolving 
power. Depending on the complexity of the DNA 
probes used, entire chromosomes can be visualized 
using composite probes established from sorted hu- 
man chromosomes. On the other hand, even targets 
as small as 500 bp are recognizable on metaphase 
chromosomes. This equals the sensitivity of the iso- 
topic detection method. Spatial resolution, however, 
is much higher: on metaphase chromosomes, two 
targets separated by about 5 Mbp can be resolved. In- 
terphase chromatin is less condensed; therefore, reso- 
lution is increased to about 100 kb [56, 107]. In his- 
tone-depleted interphase nuclei spatial resolution 
has been increased to a few kilobases [104]. 

The possibility of visualizing several chromosomal targets si- 
multaneously has broadened the spectrum of FISH applica- 
tions. However, the amount of suitable haptens for probe la- 
beling and of fluorochromes with clearly different emission 
spectra limits the number of differently colored targets. 
Therefore single probes may be labeled by a combination of 
fluorochromes in various ratios [74]. For example, the combi- 
nation of three fluorochromes allows detection of seven 
probes - three with single colors, three with combinations 
of two, and one with a combination of all three colors [57, 
83] (Fig. 3.11 c,d). Resolution can be increased by using 
fluorochromes in different ratios [20, 21] in combination 
with digital imaging devices. 



The Fish method has been used for solving the fol- 
lowing problems: (a) The centromeric regions of al- 
most all human chromosomes can be visualized spe- 
cifically. This is useful for diagnosis of numerical 
chromosomal aberrations in interphase cells [17]. 

(b) The method can be applied in combination with 
G banding. This increases its diagnostic usefulness. 

(c) Entire chromosomes can be painted by composite 
probes prepared from sorted chromosome prepara- 
tions [18, 62, 79]. Using this method, it was shown 
that chromosomes in interphase nuclei are not dis- 
tributed at random but occupy certain domains 
(Fig. 3.11 a). Distribution of these domains relative to 
each other apparently does not follow strict rules: in 
most instances, homologous chromosomes are not 
located close to each other pointing to a possible in- 
fluence on gene action, (d) In addition to DNA 
probes which are available in increasing numbers, 
probes for any desired chromosome or band can be 
prepared from microdissected chromosomes [61]. 
The FISH method is now being applied in many field 
of human genetics and cell biology. For example, 
genes and DNA sequences have been mapped within 
the genome (Sect. 5.1.2). Other applications such as 
evolution are mentioned elsewhere in this volume 
(Sect. 14.2.1). In medical genetics, the method has be- 
come an important tool for solution of problems that 
cannot be solved by classical cytogenetic methods, 
such as identification of the origin of supernumerary 
chromosomes and various translocations [49, 103]. 
Chromosome damage due to mutagenic agents can 
be studied more easily [80]. Another clinical applica- 
tion is in Duchenne muscular dystrophy, where 70 % 
of the mutations are small deletions that cannot be 
detected by conventional cytogenetic techniques [83] 
(Fig. 3.11b). The most important advance allows 
study of chromosomes and their aberrations in inter- 
phase nuclei. This will become more important for 
the diagnosis of malignant tumors, especially since 
cells in solid tumors and from paraffin-embedded 
tumor sections can be studied [22, 88]. However, 
FISH analysis will probably not replace classical cy- 
togenetic methods, even if the banding method 
(Fig. 3.11 d) [57] is improved by the creation of “chro- 
mosome bar codes.” Both approaches have their ad- 
vantages and disadvantages. Banding analysis re- 
quires the preparation of prometaphase or meta- 
phase spreads, which is often difficult in solid tu- 
mors, and the resolving power is limited to several 
megabases even after high-resolution banding. In 
contrast, FISH can be used to study a chromosome 
region, its numerical representation, and its involve- 
ment in translocations at all stages of the cell cycle. 
Here the investigator needs to select the chromoso- 
mal regions to be studied. Classical cytogenetic 
methods, on the other hand, allow analysis of the en- 
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tire karyotype in metaphases prepared by one proce- 
dure. Different problems require different diagnostic 
strategies. 

Comparative Genomic Hybridization. The molecular cytoge- 
netic technique known as comparative genomic hybridization 
(CGH) is based on quantitative two-color in situ hybridization 
[21, 45]. CGH allows the detection of genetic imbalances in 
DNA prepared from tumors or other cells of interest, for exam- 
ple, gains and losses of chromosomes and detection of sequen- 
ces larger than a few Mbp in size. Figure 3.12 f demonstrates the 
principle. Total genomic DNA from the cells to be studied and 
from a normal control individual is isolated. If the cells to be 
studied are tumor cells, normal tissue from the same individual 
may be used as control. The two genomic DNAs are labeled dif- 
ferently and are mixed in a 1 : 1 ratio. They are then hybridized to 
normal human metaphase spreads which may come from any 
individual. Since the two DNAs have been painted with differ- 
ent colors, fluorescence intensities along the chromosomes of 
the reference metaphase represent the relative concentrations 
of DNA sequences. If chromosomes or chromosome subregions 



Fig. 3.11 a-g. a Partial metaphase spread from a patient with 
the karyotype 46,XX,8, -H t(6;8) (6pter <=> p22::8p23 <=^ 8q- 
ter) after painting with a chromosome 6 specific library 
probe. Two normal chromosomes 6 and the translocated frag- 
ment in the der(8) (arrow) are delineated on the metaphase 
spread. An adjacent interphase nucleus shows two normally 
sized chromosome domains and a small domain indicating 
the interphase domain of the translocation fragment (arrow- 
head) (From Popp et al. 1993) b Carrier detection of Duchen- 
ne muscular dystrophy is performed using FISH to meta- 
phase chromosomes from a female relative of a patient with 
a known deletion of exon 45 of the dystrophin gene. Cohybri- 
dization of a chromosome specific library for the X chromo- 
some (rhodamine, red fluorescence )y a reference clone speci- 
fic for the long arm of the X chromosome and a cosmid clone 
specific for exon 45 of the dystrophin gene (FITC, yellow 
fluorescence). Only one of the X chromosomes reveals signals 
on the short arm, indicating a deletion, thus allowing the di- 
agnosis “carrier” for Duchenne’s muscular dystrophy. (Cour- 
tesy of A. Jauch) c Example of multicolor FISH with probes 
for chromosomes 13 (pseudocolored, red), 18 (pseudocol- 
ored, violet), 21 (pseudocolored, green), X (pseudocolored, 
yellow), and Y (pseudocolored, white) to cultured amniotic 
fluid cells. Images were taken with a black-and-white CCD 
camera coupled to an epifluorescence microscope. The multi- 
colored composite image was simultaneously merged using 
the software package Gene Join [83]. Chromosome 13 and 18 
specific probes reveal two signals each. Both sex chromo- 
somes showed one signal. However, three signals were ob- 
served for the chromosome 21 specific probe, indicating tri- 
somy for chromosome 21 (arrowheads). Note that in the cul- 
tured cells, the signals sometimes appear as doublets, indicat- 
ing DNA replication at the hybridization site, d Simultaneous 
combinatorial FISH of directly fluorochromated whole chro- 
mosome painting libraries allowing multicolor painting of 
chromosomes 1, 2, 7, 8, 9, 12, and X. Ten YAC clones were se- 
lected to provide additional green or red bars on these paint- 
ed metaphase chromosomes, resulting in distinct fluores- 



are present in identical copy numbers in both the tumor and the 
reference DNA, the observed fluorescence is a blend with equal 
contribution of the two colors (for example, yellow as the mix- 
ture of red and green). If certain chromosomes or chromosome 
subregions are lost in most of the cells to be tested, the resulting 
color is shifted to that of the normal chromosomes, for exam- 
ple, red. A gain of DNA in the test material, on the other hand, 
leads to a more intense green staining at the site of this gain; 
for example, locally amplified DNA. In many instances gross 
chromosomal aberrations are visible directly in the fluores- 
cence microscope. Precise quantitative analysis, however, re- 
quires measurement of fluorescence intensity using a special 
CCD camera. The usefulness of the method in tumor diagnosis 
has been demonstrated [46], for example, in gliomas [92]. 

3. 1.3. 4 Sequencing of DNA [39, 51, 58] 

Nucleotide Sequence and the Genetic Code. Methods 
for determining the sequence of amino acids in 
polypeptide chains have been known since the 



cence pattern for each chromosome: 1, light blue, two green, 
one red; 2, red, one green; 7, brown, one green; 8, light purple, 
one green, one red; 9, green, one red; 12, dark purple, one 
green, one red; X, dark blue, one green, one red. Two clones 
provided additional signals on nonpainted chromosomes 6 
and 13. (From Lengauer et al. 1993 [57]) e An increased map- 
ping resolution for FISH analysis can be obtained using inter- 
phase Halo preparations after high salt histone extraction. 
Two products of this extraction procedure can be discerned: 
(a) The DNA Halo fraction that consists of histone-depleted, 
“naked” DNA strings. This fraction is sensitive to digestion 
with DNase I. In situ the DNA loops extend circular around 
a remaining fraction, the nuclear matrix, (b) The nuclear 
matrix fraction, or nuclear scaffold, located in the center of 
the Halo structures in situ is resistant to DNase I digestion. 
More recent evidence suggests that certain DNA sequences 
such as ribosomal genes or telomere consensus sequences co- 
habite with the matrix fraction, indicating their contribution 
to the interphase chromatin architecture. This demonstrates 
the hybridization pattern of the paracentromeric heterochro- 
matic DNA probe pUC 1.77 on Halo preparations. (Courtesy 
of T.Ried and E.Schrock). f An example of Halo structures 
in situ after two-color FISH using single cosmid clones from 
a contig specific for the telomere of 7q. The clone adjacent 
to the telomere was labeled with biotin (detected with FITC, 
green fluorescence, arrow), whereas six other subtelomeric 
clones were labeled with digoxigenin (detected with TRITC, 
red fluorescence, arrowhead). On interphase Halos the cosmid 
next to the telomere was mostly observed in the matrix frac- 
tion whereas the cosmids expanding in the subtelomeric re- 
gion labeled the surrounding DNA loops. (Courtesy of 
T. Ried and E. Schrdck). g The telomere consensus repeat se- 
quence (TTAGGG)n is distributed in varying copy numbers 
on all human telomeres and is conserved during evolution. 
FISH with a biotinylated oligonucleotide containing the re- 
peat sequence labels all telomeres on human metaphase chro- 
mosomes. Note that the signal intensity varies due to differ- 
ences in target number sequences. (Courtesy of E. Schrock) 
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Fig. 3.13. Amniotic fluid cell nuclei of a fetus with trisomy 18 
after CISS hybridization with the biotinylated Alu-PCR am- 
plified YAC clone HTY 3045 (mapped to i8q23) detected 
with avidin-FITC. Nuclei were counterstained with propi- 
dium iodide 

1950s. The problem was relatively easy, since the 
20 amino acids found in naturally occurring proteins 
all have different properties. The nucleotide se- 
quence of DNA, on the other hand, is relatively 
monotonous, consisting only of the four bases gua- 
nine, cytosine, adenine, and thymine. However, ap- 
propriate methods for DNA sequencing are now 
available [51] (Fig. 3.14). 

A long nucleic acid molecule is cut into smaller seg- 
ments by agents cutting it at specific sites. Then, the 
nucleotide sequence for each segment is determined 
separately. The sequence of segments in the entire 
chain is ascertained by the principle of overlapping 
ends; identical chains are cut a second time by an 
agent with different specificity, and the sequences of 
fragments produced by the two cuttings are com- 
pared. In this way the entire sequence can be com- 
bined like a puzzle. Nucleotide sequences within 
these fragments can be identified by the methods of 
Maxam and Gilbert (see [122]) or - in many cases 

Fig. 3.12 a- f. Comparative genomic hydridization (CGH) of 
DNA extracted from a small cell lung carcinoma (From Ried 
et al. 1994) a Staining of normal metaphase chromosomes 
with 4'-6'-diamindino-2-phenylindole. The G-like banding 
pattern was used for chromosome identification, b The same 
metaphase spread as in a after visualization of red fluores- 
cence (rhodamine) specific for the digoxigenin-labeled refer- 
ence DNA. Note that all chromosomes (except the X chromo- 
somes) are labeled uniformly, c The same metaphase spread 
as in a, b after visualization of the green fluorescence (FITC) 
specific for the biotinylated tumor DNA. Note that the stain- 
ing intensity varies due to DNA gains and losses in the tumor 
genome, d Display of the fluorescence ratio image of the same 
metaphase as in a-c. The FITC/rhodamine fluorescence inten- 
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Fig. 3.14. DNA sequencing. Autoradiogram of a chain-termi- 
nator sequencing gel using denatured double-stranded plas- 
mid as template. The base-specific ends in each lane are pro- 
duced by incorporating different chain-terminating dides- 
oxy nucleotides. was incorporated during the reaction, 

and the reaction products were separated by denaturing poly- 
acrylamide gel electrophoresis. Part of the sequence is indi- 
cated to the right of the gel. (Courtesy of O. Steinlein) 

sity quotient is visualized. Blue, balance between the FITC and 
rhodamine fluorescence values; green, gain DNA sequences in 
the tumor genome; red, loss of DNA sequences in the tumor 
gene, e Karyotypelike arrangement of the chromosomes of 
the metaphase spread shown in d. Note that the CGH reveals 
identical patterns on the homologous chromosomes, f Mean 
of the ratio profile calculation of five metaphase spreads of 
the same small cell lung cancer case as presented in a-e. Three 
vertical lines (to the right of chromosome idiograms), differ- 
ent values of the fluorescence ratio between the tumor and 
the reference DNA: Left line, underrepresentation; central 
line, state; right line, overrepresentation of DNA sequences in 
the tumor genome. The ratio profile (curve) was computed as 
a mean value of five metaphase spreads 
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more conveniently - by that of Sanger et al., in which 
the base sequence can be read immediately from the 
electrophoresis gel (Fig. 3.14). Whereas the sequen- 
cing of nucleic acids was formerly a formidable job, 
it has now become relatively easy and very fast. Se- 
quencing machines are being offered commercially. 
In many instances, two steps are necessary after a se- 
quence has been established: (a) The sequence must 
be compared with other sequences determined pre- 
viously to ascertain whether the same or a similar 
sequence has already been found anywhere in nature. 
Such homologies may provide important hints as to 
biological relationships, evolution, and function. 
Computerized data bases are now available (Appen- 
dix 4). (b) The sequence must be examined as to 
whether it contains a gene that can be transcribed. 
This is possible only if an open reading frame 
(ORF) is present, i.e., if no stop codons (see ta- 
ble 3.2) are present. Such an ORF, however, does not 
verify the presence of a gene; it could, for example, 
be a pseudogene. 



3 . 7 . 3.5 Polymerase Chain Reaction: A Method 

that Has Revolutionized Molecular Biology 

All the methods described so far, such as Southern blot- 
ting and DNA sequencing, require a certain minimum 
amount of DNA (approx, lo^-io^ molecules [119]. How- 
ever, frequently the DNA (or any other nucleic acid) to 
be studied is available in only much smaller quantities. 
This difficulty in was overcome the past by cloning in a 
vector and multiplying this vector. An alternative, very 
fast, and elegant method was introduced a few years 
ago and has found wide acceptance: the polymerase 
chain reaction (PGR) [3, 73]. The significant advantage 
of the PGR method is the tiny starting amount of DNA 
that allows amplification. 

The logic of the reaction is simple. A pair of primers 
complementary to both strands of a DNA molecule 
and flanking a target region of interest are used to di- 
rect DNA synthesis in opposite and overlapping direc- 
tions. In each cycle, each of the two strands acts as a 
template for the generation of two new duplex mole- 
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Fig. 3.15. The principle of PGR (poly- 
merase chain reaction). The method re- 
quires several steps: DNA denaturing 
(by increase of temperature), primer 
binding, DNA replication (by addition 
of Taq polymerase and reducing of tem- 
perature), repeated until a very large 
number of copies of the original DNA 
have been obtained. A, B, The primers 
on either side of the DNA sequence to be 
multiplied; interrupted lines indicate 
that DNA replication sometimes con- 
tinues beyond the DNA sequence to be 
studied 
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cules. Theoretically, this leads to the doubling of tar- 
get sequences in each round of DNA synthesis and to 
an exponential increase in the amount of DNA. A lim- 
itation of this method is that the design of primers re- 
quires knowledge of base sequences of short DNA 
stretches on both sides of the sequence to be studied. 
Each cycle is initiated by melting double-stranded 
DNA (opening the H bridges) at 91 °-95 °C for about 
1 min to obtain single-stranded templates. The primer 
oligonucleotides are then annealed to the two strands 
followed by a short pulse of DNA synthesis. This reac- 
tion requires a temperature of 58 °-/2 °C and a poly- 
merase for DNA synthesis from constituents in the 
medium. Usually Taq polymerase is used, which 
comes from the bacterium thermus aquaticus. This 
bacterium lives in hot springs; therefore its polymer- 
ase is heat- adapted and is not destroyed at melting 
temperature. Hence, it is not necessary to add new 
polymerase at each cycle. This has made it possible 
to automate the entire procedure (Fig. 3.16). 

PGR machines are on the market and are being used 
widely. PGR is efficient, specific, and very sensitive. 
The theoretical number of product molecules is 2" 
for n cycles, meaning about one million molecules 
after only 20 cycles. In practice, this number is slight- 
ly smaller for technical reasons. Some replication er- 
rors might occur, and these must be taken care of. 
Sensitivity is so high that even one single-copy DNA 
molecule such as DNA from one human sperm can 
be amplified and studied [60]. Care needs to be taken 
not to amplify DNA that originated from the operator 
or the environment. 



The method can also be applied for RNA amplifica- 
tion after reverse transcription into cDNA (RT-PCR). 
It has found wide application both in research and 
in genetic diagnostics. Here, assays have been devel- 
oped by which many DNA sequences can be amplified 
at the same time. Figure 3.16 shows such an assay de- 
veloped for the diagnosis of deletions in the dystro- 
phin gene in Duchenne and Becker muscular dystro- 
phies (310200). In 1992 the Hoffmann-LaRoche Com- 
pany acquired all patents related to the PCR reaction 
and requires royalty payments in all instances in 
which the method is used for commercial purposes. 
Diagnostic use in medical genetics, microbiology, or 
in any other field falls under this commercial use ca- 
tegory since it does not involve research but is used 
for clinical service. Such an interpretation becomes 
“sticky” when large numbers of patients need to be 
studied in pilot studies validating genetic diagnosis 
in medical genetics. At what point does research end 
and medical practice begin? (See also [116]). 

The following describes analytical approaches to the 
study of three genes: one in which the analysis was 
relatively easy, another in which it was more compli- 
cated, and a third in which analysis turned out to be 
very time consuming. This discussion provides the 
opportunity to describe briefly additional research 
concepts and methods. Examples selected are (a) the 
P -globin gene; (b) the gene for clotting factor VIII, 
mutations of which cause hemophilia A; and (c) the 
gene for Huntington disease (HD). 
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Fig. 3.16. PCR multiplex amplification (in four runs) of Amplified exon sequences are arranged according to their 

24 exons and the promoter region of the dystrophin gene. length, not according to their sequence within the gene. 

Patient (P) shows deletion of exons 45-49; C, normal control. (Courtesy of M.Cremer) 
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Discussion of other aspects of Duchenne and Becker 
muscular dystrophies: 



- Sect 3,1. 3: 



- Sect5,].2; 

- Sect 93: 

- Sect. iS.i + App. 8: 



List of human mutations ana- 
lyzed so far 

Linkage and localization 
Types of mutation and muta- 
tion rates 

Genetic counselings prenatal 
diagnosis 



3.13.6 Analysis of the fl-Globin Gene 

The Paradigmatic Role of the j 3 -Globin Gene. The first 
step requires identification of this gene in the large 
amount of human DNA. This has been done by isolat- 
ing DNA from human cells and treating it with a spe- 
cific restriction enzyme. The many resultant DNA 
fragments are then separated according to their length 
by agarose gel electrophoresis. These are transferred 
to a nitrocellulose filter by Southern blotting and de- 
natured. The DNA is now single-stranded and fixed 
to the filter. The next step is identification of DNA 
fragments containing the P -globin gene. This requires 
a radioactive probe made from /? -globin mRNA using 
the enzyme reverse transcriptase (mRNA — > cDNA). 
In this special case it was a big advantage that the 
mRNA was available. The cDNA probe could then be 
used for hybridization with the DNA on the filter. 
Autoradiography shows the positions of the frag- 
ments containing globin genes. This technique was 
also used for localizing the ^-gene on a human 
chromosome to the short arm of chromosome ii 
(ii p) by in situ hybridization. 

Further characterization of other members of the P~ 
globin gene family requires enrichment of the DNA 
specifying these genes by cloning in a vector such as a 
bacterial plasmid (see Sect.3.1.3.2). The Hb p gene fa- 
mily was analyzed by comparing the DNA sequence of 
the transcribing region and the cDNA by electron mi- 
croscopy, by sequencing DNA regions inside and out- 
side transcribed sequences, and by identifying regula- 
tory sequences. One of the first and most conspicuous 
results of such studies was that hybrid molecules be- 
tween the P -globin genomic DNA and cDNA showed 
peculiar loops in electron microscopy [102]. These 
were caused by DNA regions not represented in the 
cDNA and obviously not transcribed, since cDNA is a 
true copy of mRNA. In the Hb P gene two such inter- 
vening sequences (introns) were discovered that sepa- 
rated three distinct units (exons) at the DNA level. 
Meanwhile, studies on many other eukaryotic genes 
have shown such introns to be the rule rather than the 
exception, quite in contradistinction to bacteria and 
viruses, where genes are continuously transcribed. 



Exons often represent functional subunits of the gene; 
they may have developed from separate genes during 
evolution (Sect. 14.2.3). Hence, analysis of the P -hemo- 
globin gene and other hemoglobin genes had a result 
of general significance: demonstration of the exon-in- 
tron structure of eukaryotic genes (Fig. 3. 18). 

These and later studies confirmed inferences from fa- 
mily studies on abnormal hemoglobins (Sect. 4.3.2) 
that there is only one functional Hb P gene whereas, 
for example, the genes for the a and y chains are pre- 
sent in duplicate. In addition pseudogenes have been 
discovered: DNA regions very similar in DNA se- 
quence to functional genes which are not transcribed 
because of inactivating mutations in the coding or 
flanking areas. 

Figure 7.33 shows the Hb P region. In addition to the 
gene itself and a pseudogene, there are two y genes, 
one d gene (for the Hb d chain found in Ab A^), and 
genes for an early embryonic hemoglobin. The mole- 
cular analysis confirmed inferences regarding the 
structure of this gene region from formal genetics 
and protein biochemistry (Sect. 7.3.2) but provided 
entirely new information about gene structure and 
organization. 

Additional studies on this and other genes have also 
shed some light on how transcription occurs, and on 
how mature mRNA is produced (Figs. 3.17, 3.18). First, 
the entire gene is transcribed, including introns and 
flanking sequences proximal and distal to the exon in- 
tron gene complex. Then transcripts of introns are re- 
moved stepwise, the transcripts of exons are spliced, 
and a “cap” is added at the 5' end and a poly- A sequence 
at the 3' end. Finally, the processed mRNA leaves the 
nucleus to proceed to the ribosomes and acts as tem- 
plate for protein biosynthesis. The DNA sequences for 
the various globin genes are known, and many general 
problems of gene organization and gene action have 
been examined using these genes as models. 



Discussion of other aspects of hemoglobin genes: 



- Sect. 7.3: 

- Sect. 9.4: 

- Sect. 12.2,1.6: 

- Sect, 14.2.3: 

- Chap. 18: 



Gene action 

Mechanisms of spontaneous muta- 
tion 

Population genetics 
Human evolution 

Genetic counseling, screening, pre- 
natal diagnosis 



3.1. 3.7 Structure of the Factor VIII 
(Antihemophilic Factor) Gene 

Antihemophilic Factor (Factor VIII). Hemophilia A is a 
“classical” hereditary disease with an X-linked recessive 
mode of inheritance (Sect. 4.1.4). The gene is located at 
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Xq28. Analysis of the blood clotting process led in the 
1950s to identification of a plasma protein - the antihemo- 
philic factor (factor VIII) - as the gene-determined protein 
lacking in this disease. Factor VIII is necessary for the first 
step of blood coagulation, thromboplastin formation. Sub- 
stitution with factor VIII concentrates is now the estab- 
lished therapy of hemophilia A and nowadays enables he- 
mophilia patients to lead a near-normal life. The protein 
molecule, however, turned out to be large and complex, 
and its synthetic production appeared impossible. Now 
this situation has changed dramatically. The structure of 
the factor VIII gene has been elucidated, and expression of 
this gene was achieved in tissue culture; therapy with re- 
combinant Factor VIII is therefore possible (see below) [31, 
32, 105, 112]. 

Research Strategy in Elucidating the Factor VIII Gene. 
This was achieved independently, but with similar 
strategies, by two private gene technology companies: 
Genentech in San Francisco and Genetics Institute in 
Boston. The Genentech group proceeded as fol- 
lows: 

A DNA oligonucleotide probe only 36 bases long was 
synthesized based on the amino acid sequence of a 
tryptic peptide from human factor VIII. This very 
short DNA probe was used to screen a genomic DNA 
library in bacteriophage 2 that had been derived 
from an individual with karyotype 49, XXXXY. 
Hence, a higher concentration of X-specific probes 
was achieved not by chromosome sorting but by 
using a naturally occurring abnormality. Clones iden- 
tified in this way by DNA hybridization (Sect.3.1.3.3) 
had overlapping ends, allowing initial identification 
of part of the DNA sequence (Fig. 3.19). This part 
was then used to place factor VIII mRNA in a T-cell 
hybridoma cell line. This mRNA was used to produce 
cDNA for the entire coding part of the gene. This 
portion (~ 9 kb) was then sequenced. The boundaries 
of exons were established by comparison of cDNA 
with genomic DNA. The complete gene consists of 
186 000 base pairs; it has 26 exons ranging in length 
from 69 to 3106 base pairs; introns may be as long as 



Fig. 3.17. The DNA sequence which is depicted here as single 
nucleotide chain is characterized by a specific sequence of 
bases. At the 5' side, where transcription begins, two charac- 
teristic sequences, CAATT and TATA, were described 80 and 
30 base pairs (bp) apart. By analogy with the bacterial gen- 
ome, it was concluded that the CAATT sequence serves as re- 
cognition site for RNA polymerase whereas the TATA se- 
quence serves as promoter region for polymerase-induced 
transcription. DNA is transcribed into the complementary 
mRNA sequence - first including the introns. Then, the 
mRNA is processed stepwise; the introns are removed; a 
“cap” is added at the 5' end, and a poly-A sequence at the 3' 
end. The processed mRNA then passes through the nuclear 
membrane and attaches to the ribosomes, where the genetic 
information is translated into a protein sequence 
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Fig. 3.18. Electron microscopic study of the struc- 
ture of the ovalbumin gene, a characteristic mam- 
malian gene: DNA containing the ovalbumin gene 
is hybridized with mRNA. The eight exons of the 
gene (1-8) hybridize with the complementary 
mRNA regions; its seven introns (A-G) form 
loops. Above, electron microscopic image; middle, 
interpretation; below, schematic drawing of the 
gene. (From Chambon 1981) 



32.4 kb. The factor VIII protein consists of 2351 amino 
acids (Fig. 3.20). 

To achieve expression of the gene in mammalian tis- 
sue, the complete 7-kb protein- coding sequence was 
assembled from portions of overlapping cDNA and 
inserted into a plasmid; in this plasmid, factor VIII 
sequences were placed between promoter sequences 
and a polyadenylation sequence of viral origin. This 
plasmid was then introduced into a hamster cell line 
by a chemical method (calcium-phosphate coprecipi- 
tation), and gene expression was measured using 
monoclonal antibodies against part of the factor VIII 
protein. This indicated a 300-fold increase over the 
control cells and comprised as much as 7% of the 
normal plasma activity, as shown by additional bio- 
chemical studies. 

The other group (Genetics Institute), working along 
similar lines, achieved comparable results. 



Significance of These Studies. A variety of methods 
from molecular biology were combined in an inge- 
nious way to analyze an unusually complex gene. 
This result is significant for several reasons: 

1. This was the first gene of such length and complex- 
ity to be analyzed in humans and, indeed, in any 
eukaryote. 

2. This structure permitted new insights regarding 
evolution of this gene [60], including an unexpec- 
ted homology of approximately 35 % of the amino 
acid sequence with the copper-binding protein cer- 
uloplasmin (see Sect. 7.2.3). 

3. The result offers prospects for an improved therapy 
of hemophilia A (see also Sect.7.2.2.9). Substitution 
treatment with factor VIII preparations is one of 
the success stories of therapy in hereditary disea- 
ses: Life expectation of hemophilics has increased 
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olher, partially overlapping segments are added. 



A/^^AAAAAAA/V^AAA/v^AAAAAAAAAA/VWWW\AA-^^^^AAAAAAAAA/vVV 

until a DNA sequence of - 2 0D Kb encompassing t he factor VIM gene is completed 

* 



The factor VIII DNA was then sequenced and the amino acid sequeriice of foctor VIM (2351 amino odds) was 
inferred using the genetic code 




Comparison with other genes: 
Homology with ceruloplasmin 
and factory genes 




Ir^sertion of the complete 7 Kb protein- coding sequence 
into a plasmid Introduction into a nomster kidrtey 
cell line -•* expression of foctor VlN 




Fig- 3-19- Analysis of the hiiman factor VIII gene, starting from a 36-base oligonucleotide probe of a tryptic peptide from fac- 
tor VIII 



dramatically, and many of them are now leading 
near-normal lives. This therapy, however, was not 
without some serious flaws. About two-thirds of 
hemophilia patients treated with factor VIII (usual- 
ly obtained from very large donor pools) became 
infected with the HIV virus in the early 1980s. 
This danger could be circumvented when HIV test- 
ing became available in 1984 and HIV-positive 
blood was excluded. Factor VIII preparations pro- 
duced by recombinant DNA techniques are now 
on the market and can entirely avoid such pro- 
blems. 

Discussion of other aspects of hemophilia A: 

- Sects. 4.1.4, 5. L2: Formal genetics, linkage 

- Sect. 7.2; Gene action 

^ Sect. 9.4.2: Molecular types of spontaneous 

mutation 

An Exercise in the Sociology of Science. This analysis 
was achieved by two very large groups, as shown by 
the large number of authors of each paper. This effort 
approaches “big science” and is more customary in 



certain branches of physics such as high-energy phy- 
sics. “In the application of molecular biology to prac- 
tical affairs, it is for the time being clear that bigger 
battalions move faster” [66]. And these battalions 
have been set up not by universities or research insti- 
tutes in basic research, but by private companies with 
the ultimate purpose of producing marketable pro- 
ducts. This link between research and commerce is 
new to human geneticists, but has become wide- 
spread over recent years in molecular biology. Should 
this development cause serious concern? Is there a 
danger that commercial interests will influence the 
development of science too heavily, diverting man- 
power and resources from scientifically important 
problems to those promising profits in the near fu- 
ture? 

The danger may not be too great. After all, close rela- 
tionships between basic research and industrial use 
have been customary not only in applied fields, such 
as engineering, but also in chemistry for a long 
time. To the best of our knowledge, it has not im- 
paired the quality of basic research. For biologists, 
however, the situation is new. It requires careful ob- 
servation. 
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3.1. 3.8 The Gene for Huntington Disease (HD) 

Characteristics of Huntington disease include onset 
during adult life, involuntary choreiform movements, 
and progressive dementia (for more details see 
Sect. 4.1.2). There is no effective treatment. 

Analysis. Of the three genes discussed here, the eluci- 
dation of the gene for HD turned out to be most diffi- 
cult and took a decade’s work by many laboratories. 
The gene was localized as early as 1983 to the short 
arm of chromosome 4 by linkage with a DNA marker. 
Most observers, including the investigators, hoped 
that the specific genetic defect would be known soon 
thereafter. However, 10 years elapsed before the cru- 
cial discovery [65]. Many difficulties contributed to 
this delay. The major obstacle was that nothing was 
known about the gene product. For the yS-globin 
gene mRNA from which a cDNA probe could be con- 
structed was available. For clotting factor VIII, at 
least a partial amino acid sequence was known and 
could be used to construct an oligonucleotide that 
served as a starting point of gene cloning. In HD, 
however, there were no clues whatever. 

Analysis was performed using a series of steps also known as 
“positional cloning” [64] (Sect.3.1.3.9). First, the gene on 
chromosome 4p was localized more precisely. This required 
more genetic markers which were generated by a variety of 
techniques. Using these markers, genetic and physical maps 
(Chap. 5) were constructed. The 4p telomere (on telomeres, 
see Sect.3.1.1.1) which contained the HD gene was cloned in 
a YAC, and YACs as well as cosmid contigs of these regions 
were established. 

This led to the discovery of a number of genes identified by 
open reading frames (ORFs). Analysis of recombination 
events in HD kindreds identified a candidate region of 
2.2 Mbp located between the markers D4S10 and D4S98 at 
4 p 16.3. (For nomenclature of genes and genetic markers see 
Appendix 10.) 

This saturation with markers permitted to trace the origin of 
HD mutations by studying haplotypes and linkage dis- 
equilibrium (Chap. 5). It turned out that multiple mutations 
had occurred to cause the disease, because the HD mutation 
was observed with widely varying sets of closely linked mar- 
kers (haplotypes). This is not surprising, since kindreds in- 
cluded in these studies came from many different contries. 
However, about one-third of all these mutations may have 
had a common origin; they were found in the same haplo- 
types [64]. At the same time, the marker studies, and espe- 
cially the haplotypes shared by these mutations, indicated 



Fig. 3.20. The factor VIII gene. Open bar, the gene; filled bars, 
the 26 exons. Lower series of lines, location of the recognition 
sites of the ten restriction endonucleases used for identifica- 
tion. Gray boxes, the extent of human DNA contained in 
each X phage (X) and cosmid (p) clone. (From Gitschier et 
al. 1984 [31]) 
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that a 500-kb segment between markers D4S180 and D4S182 
was the most likely site of the genetic defect. Hence, the can- 
didate region was reduced by this step to less than one-fourth 
of the region identified earlier (Fig. 3.21). 

To identify all possible gene transcripts in this area the tech- 
nique of exon amplification was used - an application of the 
PCR technique (Sect.3.1.3.5) [13]. By this technique, three 
genes were discovered: the a-adductin gene (ADDA), a puta- 
tive transporter gene (IT 10 C 3) in the distal portion of this 
segment, and in the central portion a gene for a G protein 
coupled receptor kinase. These genes were sought in HD pa- 
tients, but no abnormalities were discovered. 

The same method was applied to the proximal portion of the 
500-kb segment. Here the search proved successful: a large 
gene spanning some 210 kb was discovered. It was slightly 
longer than the factor VIII gene described above and encodes 
a previously unknown protein which was named IT 15. The 
reading frame contains a polymorphic (GAG) trinucleotide re- 
peat; at least 17 alleles that varied from 11 to 34 GAG copies were 
discovered in the normal population. On HD chromosomes the 
length of this repeat was found to be increased substantially, 
with a range from 39 to 66 copies. Moreover, there appeared 
to be some correlation with the age at onset in that the longest 
repeats were detected in patients with juvenile onset of HD. 

This result led to the conclusion that an increase in 
repeat length of GAG repeats is the mutation causing 
the phenotype of HD, and that IT 15 is the long-sear- 



ched for HD gene. Figures 3.22 and 3.23 show a north- 
ern blot analysis of the IT 15 mRNA and Fig. 3.24 the 
cDNA clones defining this transcript. An open read- 
ing frame of 9432 bases appears to begin with a po- 
tential initiator methionine codon. This led to the 
prediction of a 348-kDa protein with 3144 amino 
acids. It is possible that translation starts at a later 
methionine position, and that the protein is therefore 
somewhat shorter. The gene product was termed 
huntingtin. 



Table 3.3. Repeat length in HD patients compared with nor- 
mal controls. (From MacDonald et al. 1993 [65]) 



Range of allele sizes Normal HD 

(number of repeats) chromosomes chromosomes 

M {n} 



48 or more 0 

42-47 0 

30^41 2 

25-30 2 

24 169 



44 

30 

0 

0 

0 



Total 



173 74 
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Fig. 3.21. Long-range restriction map of the HD candidate re- 
gion. The HD candidate region determined by recombination 
events (hatched bars between D4S10 and D4S182) is expan- 
ded to show the cosmid contig (averaging 40 kb per contig). 
Arrows, transcriptional orientation (5' -> 3'). Locus names 



^ ITt1 IT10C3^ADDA 

(above) denote selected polymorphic markers used in HD fa- 
milies. Restriction sites are given for Not 1 (N), MLUL (M), 
and NRUL (R). Brackets around the N symbols, presence of 
additional clustered Not 1 sites. (From MacDonald et al. 1993 

[65]) 
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Fig. 3.22. PCR analysis of (CAG) repeats with some offspring 
displaying juvenile onset of HD. Triangles, progeny; birth or- 
der has been changed for confidentiality; ANi, AN 2, AN 3, 
positions of the allelic products from normal chromosomes; 
AE, range of PCR products from the HD chromosomes. The 
intensity of background constant bands, which represent a 
useful reference for comparison with the PCR products, var- 
ies with slight differences of PCR conditions. The PCR pro- 
ducts from cosmids L191 Fi and GUS 72-2130 (lanes 12, 13) 
have 18 and 48 CAG repeats, respectively. (From MacDonald 
et al. 1993 [65]) 



Near its 5' end, i.e., a short distance after transla- 
tion begins, the sequence of the normal gene ana- 
lyzed in this experiment contained 21 CAG repeats, 
encoding glutamine. All HD patients showed a 
much higher number of repeats. Similar gene ampli- 
fication mutants have been observed in a few other 
diseases (Sect. 9.4). However, in the fra(X) mutation, 
for example, the amplified region is not tran- 
scribed. 

The study had still another interesting result: the 
(CAG)„ bands were not identical in members of the 
same families (Fig. 3.22). This means that the repeat 
number is unstable. Above a certain limit (which 
must still be defined in greater detail) changes from 
one generation to the next occur; the repeat number 
may increase, but a decrease has been observed, as 
well. 

Prevalence and Mutation Rate. It has often been dis- 
cussed how often new mutations occur in relation to 
the overall number of patients (see Sect. 9.3). Most in- 
vestigators agree that the mutation rate is low. The 
disease has become relatively common (1 : 10 000) be- 
cause in populations without birth control and genet- 
ic counseling, HD patients have no selective disad- 



1 2 3 






mRNA 



Fig. 3.23. Northern blot analysis of the IT 15 transcript. Re- 
sults of the hybridization of IT 15 A to a “northern blot” of 
RNA from normal (lane 1) and HD homozygous (lanes 2, 3; 
lane 3 with more (CAG) copies than lane 2) lymphoblasts. A 
single RNA of approx. 11 kb was detected in all three samples, 
with slight variations due to unequal RNA concentrations 
(From MacDonald et al. 1993. [65]) 



vantage since they have their offspring before onset 
of clinical symptoms; - possibly even a slight advan- 
tage, the nature of which is unknown. Occasionally, 
however, experienced medical geneticists have noted 
HD patients who seem to be the first ones in their 
families, and where a new mutation could not be ex- 
cluded. The authors of the paper discussed here have 
studied this problem in two pedigrees in which a 
new mutation would have been possible. In both in- 
stances transmission was observed; the patients were 
not new mutants. 

On the other hand, several new mutants have been 
observed as a result of a systematic search. An “inter- 
mediate” allele with 30-38 CAG repeats in phenotypi- 
cally normal individuals appears to enhance the risk 
factor for such a new mutation, which has been ob- 
served so far only in the male germ line; this risk in- 
creases with advancing paternal age [33]. (For pater- 
nal age effects in new mutations, see Sect. 9.3.3). 

Practical Questions. The data on the HD gene raise a 
number of practical questions regarding genetic 
counseling and prenatal diagnosis and their ethical 
consequences. These problems are discussed in 
Chap. 18. 

Sociological observations. There are similarities and 
differences in the efforts that led to analysis of this 
gene compared with those of the factor VIII gene 
(Sect.3.1.3.7) from the point of view of the sociology 
of science. Similarly to the factor VIII gene, the gene 





IT15 

composite 



Organization of Genetic Material in Human Chromosomes 109 



- An 



ITI 6 C 

ITI 6 A 

ITI 6 B 

IT15B 

IT15A 

Fig. 3.24. Schematic presentation of cDNA clones defining 
the IT 15 transcript. Five cDNAs are represented under a 
schema of the composite IT 15 sequence. Thin line, untransla- 
ted regions; thick line, coding sequence, stars, the positions 
of the exon clones 5' to 3'. From 22 bases 3' to the putative 
initiator Met ATG, the sequence was compiled from the 
cDNA clones and exons shown. There are nine bases of se- 
quence intervening between the 3' end of IT 16 B and the 5' 

for HD was discovered as a result of the common ef- 
fort of numerous groups. The publication reporting 
discovery of the HD gene has 60 authors, even many 
more than listed on the titles of the key reports on 
the hemophilia gene. Moreover, other groups not in- 
cluded in the HD Collaborative Research Group con- 
tributed to the outcome in one way or the other. 
However, in contrast to the factor VIII group, the 
HD team included scientists from universities and 
other nonprofit research institutions; it was not an 
activity by profit-oriented private companies. Prob- 
ably one of the reasons is that these studies did not 
hold the promise of a marketable product such as fac- 
tor VIII. It is comforting that scientists working in 
academic institutions, who are normally regarded as 
highly individualistic, are able to organize extensive 
collaboration when such cooperation promises better 
and faster results. 

Comparison of the Three Analyses. Fig. 3.25 depicts 
the steps necessary for the analysis of the three genes 
described. Much more work was necessary to identify 
the HD gene than the two others. The decisive differ- 
ence was presence or absence of previous knowledge 
regarding gene action at the level of mRNA, or at 
least at the level of the protein from which the 
mRNA sequence could be inferred. Where such infor- 
mation is not available, analysis is much more cum- 
bersome and time-consuming but - as a side product 
- allows the elucidation of many more genes whose 
products are unknown. 

The key to a deeper analysis was provided by posi- 
tional cloning or, to use an older expression, by re- 
verse genetics. If a gene of unknown mode of action 




I An 



end of IT 15 B. These were identified by PGR amplification of 
first-strand cDNA and sequencing of the PGR product. At 
the 5 ' end of the composite sequence the cDNA clone IT 16 C 
terminates 27 bases upstream of the (CAG)„. However, when 
IT 16 C was identified, the authors had already generated 
genomic sequence surrounding the (CAG)„. This sequence 
matched the IT 16 C sequence and extended it 337 bases up- 
stram [65]. 

can be localized, identified, and its DNA sequenced, 
the mRNA and protein sequence can be deduced, as 
shown for the HD gene. Once this information is 
known, the defect that alters the normal gene se- 
quence to produce a hereditary disease can be deter- 
mined, and gene function can be studied. Until posi- 
tional cloning became possible, scientists proceeded 
from the phenotype to detect biochemical differences 
between normal and mutant individuals, and were 
able to detect the mutant protein in some cases. Infer- 
ring gene structure from the protein defect was there- 
fore sometimes possible. In positional cloning, how- 
ever, the path is reversed. First the gene is identified 
at the DNA level; this knowledge is the first step for 
an analysis “from the bottom up.” This approach is 
demonstrated using an example in which this metho- 
dology was followed for the first time: chronic granu- 
lomatous disease (CCD; 306400) [19, 86]. The basic 
principles of positional cloning can be widely applied 
so that an increasing number of basic processes in 
normal physiology can be approached in this man- 
ner. The great power of this and related methods 
and concepts explains why molecular genetics has 
become a key science for better understanding of 
medicine. 



3.1. 3.9 Positional Cloning 

Chronic Granulomatous Disease. Patients with CCD 
suffer from repeated and severe bacterial and fungal 
infections. Often the infective organisms persist in 
phagosomal vacuoles of neutrophil granulocytes and 
macrophages. These foci are encapsulated and form 
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granulomas. Treatment is difficult, requiring continu- 
ous therapy with antibiotics. There is genetic hetero- 
geneity; the mode of inheritance may be X-linked re- 
cessive, but several autosomal recessive types are 
known. Normally, after infecting a person bacteria 
are incorporated into neutrophil leukocytes. This sti- 
mulates these cells to produce radicals (O” and 
H^O^) which contribute to bacterial destruction. 
Such an oxidative burst is initiated by activation of 
the enzyme NADPH. The following reaction is trig- 
gered by an oxidase which activates to form O": 

NADPH + 2 O2 -> NADPH-' -h 2 O2 + H''. 

In a next step, H^O^ is produced. The oxidase consists 
of many components, only some of which had been 
analyzed biochemically. In patients with CDG the 
“oxidative burst” is lacking, but the reasons for the 
defects were unknown. 

The difficulties were overcome by a genetic strategy - 
the isolation and analysis of the X-linked gene for 
CGD. In a patient who suffered from CGD and, in ad- 
dition, from Duchenne’s muscular dystrophy and the 
so-called MacLeod phenotype, a small deletion in 
Xp2i that comprises these genes was identified [26]. 
The deletion detected in this patient as well as similar 
deletions in other CGD patients localized the X chro- 
mosomal site of the CGD gene. In comparisons of 
mRNA between normal and affected cells, normal 
cells stimulated to produce an oxidative burst were 
expected to produce a specific mRNA which was lack- 
ing in CGD cells. Such an mRNA was found and was 
used to construct a cDNA. The transcript was se- 
quenced, and an open reading frame was identified. 
The DNA aberrations in CGD patients, including an 
intragenic deletion, confirmed the identity of this 
gene. The mother of this patient showed the expected 
heterozygote pattern: one normal and one abnormal 
CGD gene. 

With knowledge of the gene and its mRNA, biochem- 
ical analysis of gene action became possible; this is 
the decisive step in “reverse genetics.” An important 
component of the oxidase which triggers the oxidat- 
ing burst is a cytochrome ^558. It consists of two sub- 
units - a gp 91 glycoprotein and a p 22 protein 
(Fig. 3.26). The gp9i glycoprotein is determined by 
the X-linked gene identified in this study and is defi- 
cient in CGD patients who, in most cases, have point 



< Fig. 3.25 a-c. Analysis of three characteristic human genes, 
a The gene of the Hb /3 chain. The mRNA was known before, 
and therefore localization and analysis of the gene (at up) re- 
quired only a few steps, b The gene determining blood clot- 
ting factor VIII. A short amino acid sequence of the gene-de- 
termined protein was known. Knowledge of the genetic code 
permitted synthesis of a specific oligonucleotide which helped 



mutations in this gene. The p22 and, later, the p47 
and p 67 proteins were protein later shown to be defi- 
cient in autosomal recessive types of this disease. 

In recent years, the same principle - analysis of a bio- 
chemical pathway “bottom-up” - has often been fol- 
lowed. Elucidation of the gene for cystic fibrosis 
(CF), the most common autosomal-recessive disease 
in northwestern European populations, offers a key 
example. Here the specific mechanism of gene action 
had eluded all attempts at elucidation until the gene 
was identified. Knowledge of the CF gene and its mu- 
tations clarified the nature of the normal gene affect- 
ing membrane function and is setting the stage for 
the study of the intermediate steps between genotype 
and phenotype to explain the detailed pathophysiolo- 
gy of the disease. In HD, the function of the hunting- 
tin gene product, and how expanded GAG repeats 
cause the characteristic symptoms, will hopefully be 
known soon. 

A Classical Example of Positional Cloning: The Cystic 
Fibrosis Gene. One of the best examples for positional 
cloning - and at the same time, potentially one of the 
most useful discoveries medically - is elucidation of 
the gene that is mutant in CF (219700) [48, 84, 85]. 
This is a severe, autosomal recessive disease cha- 
racterized mainly by increased stickiness of se- 
cretions from exocrine glands and an increase in 
their NaCl content. This may lead to meconium ileus 
immediately after birth, and during infancy and 
childhood to loss of function of the exocrine pan- 
creas as well as multiple infections of bronchi and 
lungs. The pancreatic dysfunction can be treated 
with the missing enzyme, but the lung infections re- 
quire careful pulmonary toilet and frequent antibio- 
tics. These infections are difficult to treat and often 
lead to death during the first decades of life. How- 
ever, improved attention to the details of therapy 
now gives a mean life expectancy of 28 years in the 
United States. 

No prior information, either on mRNA or on pro- 
tein structure, was available. Linkage that localized 
the gene to the long arm of chromosome 7 and the re- 
gion was further narrowed by DNA markers. The 
search for the gene used “chromosome walking” 
(Sect.3.1.3.2) and another technique called “chromo- 
some jumping.” The gene turned out to be about 



in precise localization and analysis of the factor VIII gene on 
the X chromosome (in XqzS). c Huntington disease gene. 
Only the autosomal-dominant mode of inheritance was 
known. Linkage studies using DNA markers have led to locali- 
zation of this gene to 4p. However, almost 10 years and many 
analytical steps were required to identify the gene, its struc- 
ture, and the gene-determined protein by positional cloning 
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250 kb long, having 27 exons. The cDNA had 
4560 nucleotide pairs coding for 1480 amino acids. 
About 70 % of CF mutations show a deletion of three 
nucleotides coding for one phenylalanine at codon 
position 508 (A 508 mutation). 

Comparison of the inferred amino acid sequence of 
the CF protein with known sequences gave informa- 



< Fig. 3.26. Components and activation of phagocyte NADPH 
oxidase and genes encoding these proteins. Granulocytes 
from patients with CGD lack functional NADPH oxidase and 
therefore the superoxide producing system. In unstimulated 
cells, the gene products of gp 91-phox (91) and p 22- 
phox (22) are present in the cell membrane, and form the cy- 
tochrome Present in the cytosol as free components are: 
p47-phox(47), p67-phox(67), the NADPH binding compo- 
nent N and a cytosolic p Stimulation of the cells causes 
the cytosolic components to associate with the membrane 
components, possibly by phosphorylation (P) of p47-phox, 
indicated by ^^-P labeled p 47. The interaction leads to forma- 
tion of the catalytically active enzyme complex. Also listed 
are the genes encoding these components and their chromo- 
somal localization, cellular expression pattern and subcellular 
localization. Mutation of these genes produce the different 
forms of CGD (One X linked and three different autosomal 
types). (Modified from Smith and Curnutte 1991) 

tion as to its function [84]. There were similarities 
with several, membrane-associated proteins involved 
in the transport of ions through membranes. This in- 
formation together with knowledge of the amino acid 
sequence permitted researchers to construct a model 
that shows the way in which different domains of 
this protein are arranged in relation to the membrane 
(Fig. 3.27). This model agreed excellently with what 
was already known about the genetic defect in this 
disease: chloride channels are defective, leading to a 
higher NaCl concentration in the sweat of patients. 
Gene and protein were termed “cystic fibrosis trans- 
membrane conductance regulator (CFTR).” Further 
studies led to the discovery of many additional muta- 
tions [ill] that are mostly single nucleotide substitu- 
tions. About 300 CF mutations are known, among 
which the A 508 mutation is found in 70% of central 
or northwest Europeans. 

This opened a rich field for exploring the precise 
functional consequences of these mutants and relat- 
ing them to the well-known variation in severity and 
course of the disease. To mention only one example, 
a recent study has shown that in the protein altered 
by the A 508 mutation chloride channel activity is 
not altered, but the protein appears unable to reach 
its predetermined place in the membrane. Hence, a 
possible therapeutic approach may be the restoration 
of normal membrane conductance by “escorting the 
mutant protein to the cell surface” [59]. 

Discussion of other aspects of cystic fibrosis: 

- Sect. 12.1.3: Types of mutation 

- Sect. 12.1.3: Population genetics of hereditary 

diseases 

- Sect. 14.3: Human evolution 

- Sect. 18.1, 19.2: Genetic counseling, prenatal diagno- 

sis, somatic gene therapy 
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Fig. 3.27. Exon-intron structure, functional compartmentali- 
zation, and number of mutants leading in the homozygous 



state (mostly in compound heterozygotes) to CF, according 
to their relative frequencies. (From Tsui et al. 1992 [126]) 



3.1.3.10 Gene Families 

Examples of Gene Families. The globin regions, a - 
and P -globin genes together, provide a good example 
of a gene family, i. e., a group of functionally related 
genes having similar structure and presumably a 
common origin in evolution (see Sect. 7.3.2). Other 
gene families include the genes for ribosomal RNA 
and the myosin and actin genes. Probably the largest 
gene family in humans and other mammals is that 
comprising genes for various cell recognition mole- 
cules as well as immunoglobulins - genes for the 
major histocompatibility complex (MHC) and for 
the T-cell receptor and others (Sect. 5.2.5; 7.4). There 
appears to be no general rule for the location of 
gene families on chromosomes. Some are clustered 
in the same chromosome regions, showing close link- 
age with or without linkage disequilibrium (Sect. 
5.2.4; 5.2.5). The hemoglobin family forms two clus- 
ters, the Hb a cluster on chromosome 16 and the 
Hb P cluster on chromosome 11. Other gene families 
such as the muscle protein genes are scattered over 
many different chromosomes. 

Genes for Actin and Myosin. It is the biological function of 
muscle to perform mechanical work by contracting. This pro- 
cess, which involves transforming chemical energy into me- 
chanical energy, has been made possible by nature by creat- 
ing extremely long, multinucleated cells, a large portion of 
which are occupied by contractile elements - the myofibrils 
- arranged as parallel bundles in the axis of contraction. Me- 
chanical labor is performed by interaction of two kinds of 
protein molecules - myosins and actins. In addition to mus- 
cle contracture, actins are involved in many other cell func- 



tions, such as maintenance of cytoskeletal structure, cell mo- 
tion, and mitosis. 

The genes determining both types of proteins - actin and 
myosin - have been examined [36, 97]. The number of actin 
genes has been estimated at about 20. They have been pre- 
served well through evolution. In addition to mammals and 
Drosophila, they have also been found, for example, in yeast 
and slime molds, a -Actins from humans, rabbits, and rat 
skeletal muscle have been found to be identical; untranslated 
regions are only partially identical. The split between skeletal 
muscle and heart muscle actin genes must have occurred a 
long time before the split between these various species of 
mammals [37]. 

Similarly to actins, myosins exist in humans as multiple iso- 
zymes. These isozymes appear in a distinctive order during 
individual development. Studies on DNA have again shown 
a multigene family which consists of many - probably more 
than ten - genes scattered over the genome. 

A New Principle in Genetic Analysis. These observa- 
tions on muscle protein gene families introduce a 
new principle into genetic analysis. Until recently, ge- 
netic analysis always started with genetic variability. 
Such variability might be identified at the phenotypic 
level, for example by the presence of a hereditary dis- 
ease, or at some intermediary levels by lack of a func- 
tional protein, an electrophoretic protein variant, or a 
different antigenic site at the cell surface. This pheno- 
typic variability was then traced by classical Mende- 
lian segregation analysis to a corresponding variabil- 
ity at the gene level. Basic mechanisms of gene action 
at all levels could often be elucidated using genetic 
variants as tools for research. For the actin and myo- 
sin gene families, however, no normal or pathological 
genetic variants were known. Genetic analysis started 
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at the level of the proteins and the genes themselves, 
irrespective of any interindividual variation. This 
was possible because mRNA was available in relative- 
ly large amounts. Meanwhile a gene-determined 
anomaly of myosin has been shown to cause a 
form of dominantly inherited cardiomyopathy 
(Sect. 7.6.7). Examination of the human gene map 
shows an increasing number of genes that have been 
identified and localized in the absence of any known 
genetic variability within the human species. Ta- 
ble 3.4 lists a number of characteristic human genes. 

3.1.3.11 Genetic Variability Outside Coding Genes 

In a classical analysis in 1978 Kan and Dozy [47] de- 
tected a DNA polymorphism closely linked to the - 
globin gene which permitted prenatal diagnosis of 
sickle cell anemia in many cases following family stu- 
dies. Since then a great many DNA polymorphisms 
have been detected (see Sect. 12.1.2). 

Genetic variability at the DNA level - especially out- 
side transcribed DNA regions - is much more com- 
mon than anticipated on the basis of protein data 
(Sect. 12.1.2). Therefore its analysis contributes to po- 
pulation history. It is also important for the genetic 
theory of evolution, for example, with respect to the 
much-discussed question of the degree to which ge- 
netic differences between species and between popu- 
lation groups within a species are due to natural se- 
lection or random genetic drift (neutral hypothesis; 
see Sect. 14.2.3). Moreover, analysis of restriction 
polymorphisms casts new light on the molecular me- 
chanisms of mutation (Sect. 9.4). Data indicating that 



DNA polymorphisms are rarer in the X chromosome 
than in autosomes [15] extend Ohno's [76] observa- 
tion that the X chromosome has been more strictly 
preserved during evolution. It is possible that func- 
tional constraints regarding the structure of the X ap- 
ply not only to coding genes but to the entire genetic 
material. 

Most important, however, is the contribution of such 
data for a detailed analysis of the arrangement and 
order of genes in the human genome. This is discus- 
sed in Chap. 5. 



3*2 The Dynamk Genome 

The research tools of new genetics have increased our 
knowledge of the structure of the genetic material. 
The simplistic model of a chromosome as a string of 
pearls - with the genes as pearls - fits the real data 
less than ever before. One aspect of our increased 
knowledge is the realization that the genetic material 
appears much less static than it did in the past. 
Some brief remarks on the dynamics of the genome 
are therefore necessary. 

Movable Elements and Transposons. Maize (Indian 
corn) is distinguished by beautifully mottled corn 
cobs (Fig. 3.28). The genetics of this phenomenon 
was examined by McClintock [68]. She showed that 
“controlling elements” occur which can be transposed 
in the genome from one location to the other, and may 
cause increased instability of genes leading to somatic 
mutations in the tissue of this plant. The beautifully 



Table 3.4. Some human genes, mutations of which may cause hereditary diseases, ordered by size 



Gene or 
gene product 


Length 

(kb) 


No. of 
exons 


Located 

at 


Length of 
cDNA (kb) 


Hereditary disease 


Dystrophin 


- 2400 


79 


Xp 


- 16 


Duchenne's and Becker's muscular dystrophies 


Thyroglobulin 


>300 


36 


Sq 




Dominantly inherited goiter 


NFl 


-^300 


51 


17q 


-8.5 


Neurofibromatosis type 1 


CFTR 


^ 250 


27 




-6 


Cystic fibrosis 


Huntingtin 


^-210 




4p 


- 10 


Huntington disease 


Rbl 


190 


27 


13q 


~4 


Retinoblastoma 


Factor VIII 


~ 186 


26 


Xq 


-9 


Hemophilia A 


vWF gene 


« 178 


52 


12p 


~8.5 


von Willebrand disease 


Phenylalanine hydroxylase 


- 90 


13 


12q 




Phenylketonuria 


LDL receptor 


--45 


18 


!9p 


-5.5 


Familial hypercholesterolemia 


HGPRT 


-44 


9 


Xq 




Lesch-Nyhan syndrome 


Factor IX 


-34 


7 


Xq 


-2.8 


Hemophilia B 


Glucokinase 


>25 


12 


7P 




Maturity- onset diabetes of the young 


-Myosin heavy chain 


~23 


38 


14q 


-6 


Hypertrophic cardiomyopathy 


A- 1 -antitrypsin 


~ 10.2 


5 


14q 




Chronic obstructive lung disease 


Hemoglobin /? -chain 


- L5 


3 


Up 


-0.5 


Hemoglobi n opat hies , thal as s e m i as 
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Fig. 3.28. Hybrid maize, different varieties. Note the mottled 
appearance of the cobs. (From Singleton, Elementary Genet- 
ics Princeton etc: Van’ Nostrand 1962) 



variegated pattern of maize is caused by such somatic 
mutations. Their specific properties have been ana- 
lyzed in an extended series of elegant studies. For a 
long time, these controlling elements seemed to be a 
unique exception, until Taylor in 1963 [100] described 
“phage-induced mutations in E. co/z”; this phage is 
now called Mu (mutator). Shortly afterwards Starlin- 
ger and Saedler (see [98]) described the Is elements 
(insertion sequences) in bacteria. 

Movable Elements in Bacteria. Transposable elements 
are now defined as specific DNA segments than can 
repeatedly insert into a few or many sites in a gen- 
ome [28, 98]. Three classes of such elements are dis- 
tinguished in prokaryotes: 

1. Is elements (simple insertion sequences) contain 
no known genes unrelated to insertion function. 
They are generally shorter than 2 kb. 

2. Tn elements (transposons) behave formally as Is 
elements but are generally larger than 2 kb and con- 
tain additional genes unrelated to insertion func- 
tion. They often contain two copies of an Is element. 

3. Episomes are complex, self-replicating elements, 
often containing Is and Tn elements. 



Such movable elements have been shown by DNA se- 
quencing and other techniques to share the following 
properties: 

Is sequences terminate in perfect or nearly perfect in- 
verted repeats of 20-40 bp; most Tn elements termi- 
nate in long (800-1500 bp) Is-like sequences. 

Movable elements when integrated into the host ge- 
nome are flanked by short duplications (4-12 bp) of 
host DNA. Elements generating host repeats of the 
same size share more or less pronounced homologies, 
which indicate evolutionary relationships. 

Movable elements can be inserted at multiple sites of 
the host genome by nonhomologous recombination; 
sometimes they insert at specific sites. This insertion 
has often been shown to involve a copy of the ele- 
ment, whereas the original element stayed at the do- 
nor site (Fig. 3.29). 

If a transposable element inserts into a structural 
gene, gene mutations result as a consequence of gene 
splitting. Moreover, chromosome aberrations such as 
deletions, duplications, inversions, and translocations 
may be induced by inserted transposable elements. 

Transposable Elements in Eukaryotes. The controlling 
elements in maize were the first transposable ele- 
ments detected. Later, such elements became known 
in other eukaryotes, such as in Drosophila [34]. In 
this organism, insertion mutants are produced at 
high frequency at specific, preferred loci. Three sour- 
ces of such insertions exist: (a) They may come from 
gene sequences dispersed over the genome. Elements 
of these gene sequences are known as transposons. 
(b) As a second possible source of transposing DNA, 
the repetitive sequences of constitutive, centromeric 
heterochromatin have been discussed, (c) RNA viru- 
ses known to be harbored by Drosophila have been 
implicated as possible sources; the enzyme reverse 
transcriptase may transcribe viral RNA into DNA 
that is then inserted. These elements are called retro- 
posons. 

In addition to important aspects of their structure, 
such as presence of inverse repeat units at their 
ends, transposable elements in Drosophila share 
some properties with those described in bacteria, 
mainly the ability to induce gene mutations at an 
unusually high rate, the instability and high reversion 
rate of these mutations, the independence of normal 
DNA replication, and the frequent induction of chro- 
mosomal aberrations. Transposable elements have 
also been described in yeast [28]. 

Significance of Movable Elements in Evolution? There 
have been speculations that gene transfer by movable 
elements may have played a role in evolution. Possi- 
bilities for genetic change would indeed be increased 
enormously if, in addition to the classical means of 
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Linking of two DNA molecules: 
Tips of arrows are 3' -OH ends, 
at which DNA synthesis occurs. 



Products of DNA synthesis 



Recombination; 

The donor DNA keeps the trans- 
poson; the recipient DNA has 
direct sequence repeats at both 
ends of the transposon 



Fig. 3.29 a-d. A model in which transposition is explained 
using known principles of molecular genetics, a At the two 
ends of the transposon (or the Is elements) of the upper 
DNA molecule one of the two DNA strands is cut by a restric- 
tion enzyme, b In the same way the recipient DNA strands 
are opened at opposite ends, c Then DNA replication leads 



to doubling of the transposon as well as the flanking sequen- 
ces of the recipient, d Finally, recombination takes place. The 
donor DNA retains the transposon; the recipient DNA has the 
transposon as well as the directly repeated flanking sequen- 
ces. (From Shapiro 1979 Proc. Natl. Acad. Sc. U.S.A. 76, 1933) 



transmission of genetic material from parent to off- 
spring, “transverse” transmission often occurred - 
possibly even between quite different species. It 
should be remembered that, for example, transduc- 
tion of genes from one bacterium to the other by 
phages has been known for many years and is now 
being used in eukaryotes, including mammalian cells, 
for gene transfer and genetic engineering (Sect. 19.2). 
It is likely that such processes also occur in nature. 
Moreover, a sequence homologous to the human he- 
moglobin gene has been discovered in leguminous 
plants [9]. Its function may be “to ensure an adequa- 
te oxygen supply for bacteroid respiration in mo- 
dule tissue.” The presence of this gene could pos- 
sibly be explained by transfer from an insect or a 
mammal. 

Movable Elements in the Human Genome? So far only 
very few movable elements have been shown convin- 
cingly to occur in the human genome. However, as 
with the genome of Drosophila, the human genome 
also contains interspersed and centromeric repeated 
DNA segments (Sect.3.1.1.1) - sometimes even with 
palindromic sequences - that could be good candi- 



dates for transposing elements by analogy. For exam- 
ple, the oncogenes have structural homologies with 
cellular RNA viruses (retroviruses; Sect. 10.4.2); retro- 
viruslike repetitive elements have been identified in 
human DNA [67]; and DNA viruses have been shown 
to be mutagenic in mammalian cells [29]. Two de 
novo insertions into the coagulation factor VIII gene 
apparently have been the mutations causing hemo- 
philia A. A special group of dispersed repetitive se- 
quences has been discovered in the human genome 
- the Alu sequences [91]. 

It has been mentioned before that much of the hu- 
man DNA is organized according to the Xenopus pat- 
tern, i.e., single-copy sequences approx. 1-2 kb in 
length, interspersed with repeated sequences about 
o.i-o.3kb long. We also mentioned that some of 
these sequences are palindromic, containing repeated 
sequences in inverse order (Sect.3.1.1.1). Whereas in 
the Xenopus genome these repeat sequences are part 
of many different sequence families, much of this ma- 
terial shows strong homologies in mammals such as 
in rodents or primates [91]. In humans, approx. 3%- 
6 % of the total DNA consists of such 300-bp repeti- 
tive sequences, and some 60% of this material has 
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Fig. 3.30. Short-period interspersion pattern with Alu ele- 
ments. Repeated sequences of about 100-300 bp in length al- 
ternate with single-copy sequences of approx. 2000 bp. Re- 
peats may occur in two directions (abc ^ ; 4 - eba), or two 
repeated sequences in reversed order may immediately follow 



each other. Alu elements are flanked by short direct repeats 
of the “host” genome (7-20 bp) that are different from one 
“insertion” site to the next. About one-third of all 100- 
300 bp repeats are members of the Alu family 



been shown by restriction enzyme analysis to be 
homologous. The number of such Alu sequences is 
now estimated at about 500 000 for the haploid gen- 
ome. They can occur in straight, in reversed, or in 
palindromic order (Fig. 3.30). On both sides they are 
flanked by direct repeats ranging in length from 7 to 
20 bp. Unlike the Alu sequences themselves, these re- 
peats are unique to each different Alu sequence. Such 
repeats have also been found to flank bacterial trans- 
posons, as well as movable elements in eukaryotic 
DNA. Therefore it was concluded that Alu sequences 
originated as movable elements, and that the flanking 
repeats may have resulted from duplication of the 
DNA sequence at the target site of Alu insertion. 

Alu sequences are often found within primary RNA 
transcripts; they are often but not always removed 
by RNA processing (Sect. 3.1.3. 6). It has been specula- 
ted that they might be distributed over the genome 
by their relatively short mRNA transcript, which 
might then be transcribed to DNA by reverse tran- 
scriptase, and inserted at various places. Since they 
have been conserved during mammalian evolution, 
as evidenced by their partial homology between pri- 
mates (including man) and rodents, they may have 
an important function. By analogy with similar ele- 
ments in other eukaryotes, such as Zea mays and 
Drosophila, they may be involved in gene expression, 
mutation (germ line and somatic), or recombination 
in germ and somatic cells. 

A first step to transposition of certain DNA sequences 
could be the formation of extrachromosomal, circular 
DNA repeats, which has been observed for sequences 
normally localized between Alu repeat clusters in 
aging human fibroblasts in vitro ([94] see also [43]). 
As noted above, the Alu sequences are part of the 
group of SINE sequences which are found mainly in 
the G light bands of chromosomes. The SINE cate- 
gory comprises, in addition, RNA pseudogenes and 
other components. The LINE sequences, on the other 
hand, are found mainly in the G dark bands. They 



ORF-1 ORF-2 poly (A) 

5' Lz:: 1 i-AAi r 

r 

■ .. 

i -Vs i 

Fig. 3.31. LINE sequences in the mammalian genome. Above, 
the prototype of a LINE sequence, which is about 6000 bp 
long and has two open reading frames (ORFi, ORF2). The 3' 
end has a poly (A) tail, typical for a nonviral retrotransposon. 
However, the great majority of LINE sequences deviate from 
the prototype; some sequences at the 5 ' end are lacking. The 
poly (A) tail, as well as sequence repeats at each end (black 
blocks) are always present. (From Weiner et al. 1986 [91]) 



are much longer, up to 6000 bp per unit or more. 
Their number is estimated to be 20000-50000. 
They are believed to have been acquired relatively re- 
cently during evolution (Fig. 3.31). The function of all 
these elements is unknown. 

Gene Conversion. Another phenomenon observed in 
experimental genetics is gene conversion [58]. Various 
data from the hemoglobin gene suggest that this 
event also occurs fairly frequently in the human gen- 
ome (Sect. 7.3.5; see also Fig. 3.32). 

Gene conversion is the modification of one of two al- 
leles by the other, which would alter, for example, a 
heterozygote Aa into a homozygote AA. Winkler, 
who over 50 years ago was the first to discuss this 
concept, proposed a “physiological interaction” be- 
tween alleles. Studies in yeast have shown that atypi- 
cal recombination is involved. The process is shown 
in Fig. 3.32. Crossing over always involves destruction 
of DNA sequences around the crossover site. Normal- 
ly, the destroyed sequences are repaired using the se- 
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Fig. 3.32. Gene conversion vs. double unequal crossing over. 
A pair of homologous genes A, A^ as well as B, are arrang- 
ed in tandem. Because of homology, an “illegitimate” align- 
ment between B and A^ has occurred. Recombination within 
the gene produces a triplicated gene (A, B/A\ B) on one 
strand and a deletion product (AVB) on the other strand. In 
a future generation a person who is a double heterozygote 
for the triplicated and single gene (as shown) might undergo 
an additional unequal crossover creating the gene products 
as shown. In gene conversion there is direct copying of part 

quences of the sister chromatid as template. In this 
way the original double helix is restored. Sometimes, 
however, the double-strand structure is repaired 
using the strand of the homologous chromosome as 
template. In this case, an abnormal segregation ratio 
is observed. 

Gene conversion has also been observed in somatic 
tissue, especially in plants. Similar, deviant recombi- 
nation processes are probably involved. This is not 
surprising since somatic pairing of homologous 
chromosomes and somatic crossing over has been 
observed in many species (see, for example [35]). 
There is some evidence that gene conversion oc- 
curred in the HLA region, in the hemoglobin vari- 
ants genes, and in the color vision gene complex 
(Sect. 7.3.5). 
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of the gene B into the middle of gene A^ residing on the other 
DNA strand. The event is nonreciprocal, and the strand car- 
rying A and B remains unchanged. The haplotype created 
by conversion is identical to one produced by a double cross- 
over as shown. Since neither recombination product can be 
ascertained in humans, gene conversion would not be distin- 
guished from such a double crossover. Statistically, however, 
a single conversion event is much more likely to occur than 
an event requiring two crossovers. 



Does the Genome Fluctuate? How Constant Is the Ge- 
netic Information and Its Transmission? When we ob- 
serve inheritance of a monogenic disease or variants 
of a genetic polymorphism, such as the ABO or MN 
blood groups (Sect. 4.1.1), we are impressed by the reg- 
ularity of genetic transmission indicating constancy of 
the genetic material over many generations. This regu- 
larity has been confirmed over and over again; we are 
justified in concluding that the few apparent excep- 
tions are accounted for by other than biological expla- 
nations, such as false paternity. Our confidence in the 
all-pervading dependability of heredity is somewhat 
attenuated by the fact that new mutations are observed 
occasionally (Chap. 9), but mutation rates are usually 
very low. Moreover, mutations, once they have occur- 
red, obey the rules of genetic transmission. 
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Recent new findings in molecular biology, however, 
raise problems: minisatellites may have enormous 
mutation rates, genes are cut into pieces, jump 
around in the genome, and convert their alleles to 
their own structure. They may even be introduced 
into our genome by a vagrant virus and not by the 
time-honored and pleasant method practiced by our 
parents and forebears. Must we forget our elementary 
genetics and be prepared to distrust all rules? Fortu- 
nately, the old rules can still be trusted in most in- 
stances. As Arber said in his Nobel lecture on genetic 
exchange: “In spite of possessing a multitude of nat- 
ural mechanisms to promote exchange between ge- 
netic materials of unrelated origin, E.coli and other 
high organisms have succeeded in achieving a rela- 
tively high overall stability in their genetic makeup.” 
The new results deepen our understanding of how 
the genetic material is structured, and how it works. 
Conceivably, they may even help to prevent genetic 
disease. But the old rules are still valid in the over- 
whelming majority of situations. 



3.3 Attempts at Understanding Additional 
Aspects of Chromatin Function 

We have tried to describe important elements neces- 
sary for carrying and transmitting genetic informa- 
tion: genes that are integrated into chromosomes 
and other elements of chromosomes that are neces- 
sary for their function, as well as repetitive DNA 
structures of unknown function, if there is any func- 
tion for them at all. We should remember that evolu- 
tion does not always find the optimum solution to a 
problem. Evolution is the result of an interplay 
among random processes. Often this leads to solu- 
tions that appear amazingly “clever.” But this is not 
necessarily the case. A certain solution only needs to 
work somehow under prevailing conditions (see also 
Sect. 14.2.3). Hence, not all repetitive or apparently 
otherwise unused sequences in the human genome 
necessarily have a function; some may simply be the 
remnants of earlier processes or “scars” from battles 
with other living organisms such as viruses. 

The human mind, however, strives for clarity. It is 
not surprising therefore that some authors have pro- 
posed hypotheses to explain the function of these se- 
quences by viewing the chromosome as a whole. Tri- 
fonov [109, 110], for example, postulated, in addition 
to the well-known genetic code (Table 3.2) a “chro- 
matin code,” which was specified as a “chromatin 
folding code” by Vogt [117]: the DNA thread is folded 
in several orders, the lowest of which is the nucleo- 
some structure (Sect. 3.1. 1.3). Metaphase chromo- 
somes show three higher orders of coiling which 



may be partially preserved in interphase (Table 3.1). 
Moreover, the interphase chromatin is connected 
with a scaffold inside the nucleus. Base sequences, 
on the other hand, are not entirely without signifi- 
cance for tertiary structure; for example, periodically 
spaced blocks of at least two (A)„ repeats induce a 
bending of the DNA double helix. Moreover, tracts 
of A = T pairs have difficulties assembling a nucleo- 
some structure. These and similar observations have 
led to the hypothesis “that tandem repeated simple 
sequence units, interspersed in the genome, are pre- 
destined to establish a locus-specific organization of 
their DNA structure and the corresponding chroma- 
tin domain” [117]. This tertiary structure may offer 
specific opportunities for interaction with proteins, 
for example, enzymes, that control transcription. 

This hypothesis suggests that differences in these 
structures occur in differentiated cells, i.e., in cells 
with specialized functions. Indeed, there are results 
indicating such differences in structure of interphase 
chromatin among specialized cells. Figure 3.33 pre- 
sents a piece of an uncoiled chromosome arm as it 
might be imagined at present. 

Within the nuclear genomes of warm-blooded verte- 
brates a compositional compartmentalization has 
been demonstrated; these compartments (isochores) 
consist of at least some 300 kb and are characterized 
by different GC levels; they comprise coding as well 
as noncoding sequences [7] and may be important 
for function. 



3.4 The Genome of Mitochondria 

Structure and Function of Mitochondria. Mitochondria are 
organelles found in the cytoplasm. Their number and form 
vary depending on the function of the cell; a mammalian li- 
ver cell, for example, contains approximately 1000-1500 mito- 
chondria. All of them have certain structural aspects in com- 
mon (Fig. 3.34): a matrix, an internal and an external mem- 
brane. The internal membrane forms characteristic folds, 
sometimes “cristae,” in other cases “tubuli.” Important bio- 
chemical functions, such as aerobic oxidation (oxidative 
phosphorylation, OXPHOS), take place in the mitochondria, 
which are often called the power plants of the body. Energy 
is stored as ATR Of the three energy sources in our food, 
amino acids and fats can be degraded only by aerobic oxida- 
tion; this oxidation takes place in mitochondria. Moreover, 
they harbor the citric acid cycle. Mitochondria form an or- 
dered multienzyme system; distribution of enzymes in a 
functionally meaningful order guarantees ordered sequences 
of biochemical reactions. 

Mitochondria multiply, as living organisms, by division; de 
novo synthesis is impossible. They also have ribosomes, 
which are, however, smaller than those found in the cyto- 
plasm. This and other evidence suggest that mitochondria 
originated as external micro-organisms that underwent a 
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Fig.3.33« Structure and expression of an idealized gene, in- 
cluding various promoter elements, an enhancer, and the 
transcribed region of the gene. The gene shown has two in- 
trons, each beginning with GT and ending with AG; they are 



spliced out to generate the mature mRNA. Not only promoter 
elements but also enhancers can be tissue specific. For the 
various elements see the various sections of Chap. 3. 




Fig. 3.34. Electron-microscopic photograph of a 
mitochondrium, x 53 000, Arrows, (outer and in- 
ner) membrane. (From Nielsen et al. 1970, Funda- 
mental concepts of Biology, New York: Wiley 1970) 



symbiotic relationship with the cell some time early in evolu- 
tion, have since been integrated into the cell, but still main- 
tain some of their specific properties. 

The Genome of Mitochondria. It has been known for 
some time that mitochondria contain DNA of their 



own, which also codes for genes, for example, for 
tRNA. Genes necessary for mitochondrial enzymes, 
on the other hand, are often (not always) located on 
the chromosomes of nuclear DNA [4]. 

Some time ago, a well-organized effort by research 
groups at the MRC Laboratory of Molecular Biology 
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in Cambridge led to full elucidation of the DNA se- 
quence and gene organization of the human mito- 
chondrial genome (mtDNA [1]; Fig. 3.35). 

This genome has 16568 bp, which are arranged in a 
circular fashion (see also [81]). It contains genes for 
12 S and 16 S rRNA, 22 different tRNAs, cytochrome c 
oxidase subunits I, II, and III, ATPase subunit 6, cyto- 
chrome b, and eight other protein-coding genes. In 



contrast to the nuclear genome in chromosomes, the 
sequence of the mitochondrial genome shows ex- 
treme economy: The genes have no or only a few 
noncoding bases among them. In contrast to nuclear 
DNA, both DNA strands are transcribed and trans- 
lated; moreover, there is a third, short, genetically ac- 
tive strand. In many cases the termination codons 
are not coded in the DNA but are created posttran- 




Fig.3.35. Mitochondrial DNA function map, Inner, outer dou- 
ble circles, C-rich light (L) and the G-rich heavy (H) strands, 
respectively; dark gray regions, rRNA and peptide genes; 
light blocks between larger genes, tRNA genes; inner, outer 
light arcs, stable, processed, L- and H-strand transcripts; 
OH, OL, origins of H- and L-strand replications; PH, PL, H- 



and L-strand promoters. In the 7S DNA D-loop region, I-III 
are curved sequence blocks (CSBs); heavy arrow between II 
and III, L-strand transcript processing site for generating H- 
strand replication primers, t (within MTTL 1), bidirectional 
transcription termination sequence. (From Wallace 1989) 
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scriptionally. Moreover, the genetic code of human 
mtDNA differs from the universal code in some im- 
portant aspects: UGA (expressed, as usual, in terms 
of the mRNA code) codes for tryptophan and not 
for termination, AUA codes for methionine, not iso- 
leucine; AGA and AGG are termination rather than 
arginine codons. In addition the third codon posi- 
tions - which are the main source of codon degener- 
acy - are more often A or C (and less often G or T) 
than in the nuclear genome. 

DNA Polymorphism and the Question of Hereditary 
Diseases Due to Mitochondrial Mutations. After the 
nucleotide sequence of human mitochondria became 
known, several DNA cleavage site polymorphisms 
were discovered. These have become important for 
our understanding of human evolution and are there- 
fore discussed in Sect. 14.3. 

Mitochondria are abundant in oocytes, but in sperm 
only four mitochondria (produced by fusion of a 
greater number) are found at the neck of the sperm 
head; they do not enter the oocyte at fertilization. 
Therefore the entire set of mitochondria in all cells 
of any individual comes from the mother [40]. Would 
a mutation at a suitable site cause a hereditary dis- 
ease? Such a disease would be transmitted by the 
mother only, and to all her children (examples are 
given in Sect. 4.1.9). 

One could argue on theoretical grounds that this 
mode of inheritance would be very unlikely since 
every oocyte contains multiple mitochondria. Even 
if a mutation were to occur in one of them, the over- 
whelming majority would still have the nonmutant 
DNA site (or gene); therefore, there could be no phe- 
notypic effect. However, the same argument also 
holds for DNA polymorphisms of mtDNA, and these 
polymorphisms are nevertheless transmitted to all 
children by maternal inheritance. What is the reason 
for this peculiar behavior? Do all mitochondria in 
the oocyte derive from one stem mitochondrium 
[40]. This problem is discussed in Sect. 4.1.9 together 
with mitochondrial diseases which indeed do oc- 
cur. 



3,5 New Genetics and the Gene Concept 

Intriguing Problems. Concepts and methods from 
molecular biology have enhanced our knowledge of 
the human genome far beyond expectations within 
only a few years. This has opened up new prospects 
for genetic diagnosis, prevention of diseases, and 
probably also for therapy. All these achievements 
should therefore be offered to as many persons as 
possible. However, up-to-date services in medical ge- 



netics have drastically increased the requirements for 
equipment, personnel, and technical skill. In many 
countries these developments create difficult pro- 
blems. Are human societies able and prepared to pay 
for such services on a large scale? Can a responsible 
consultant even recommend introduction of such ex- 
pensive services in developing countries with many 
urgent medical and economic problems? Completely 
new problems can arise. There are still cultural tradi- 
tions in some populations that regard a son as more 
valuable than a daughter. Will the availability of mod- 
ern techniques of sex choice lead to complex and un- 
foreseen consequences? (See also Chap. 19) 

What Is a Gene? In classical, formal genetics a gene 
was the common unit of mutation, recombination, 
and action. Genes were initially regarded as arranged 
in a linear fashion on chromosomes, as pearls on a 
string (Fig. 3.36). Detailed genetic analysis, however, 
proved this concept too crude. For example, there 
are closely linked genes in Drosophila where two mu- 
tations on the same chromosome side by side (in cis 
position) have a smaller phenotypic effect than the 
same two mutations on homologous chromosomes, 
opposite to each other (in trans position). Often there 
is no phenotypic effect at all. Genes showing such cis- 
trans effects were called pseudoalleles (see also 
Chap. 5). When biochemical analysis became possi- 
ble, such cis-trans effects were shown to occur when 
the two mutations involve two different sites within 
the same functional gene, i.e., the codons determin- 
ing one protein (e.g., an enzyme). When such muta- 
tions occur in cis position a functionally intact pro- 
tein can be formed by the homologous gene; the two 
normal sites can complement each other. Mutations 
in trans position, on the other hand, do not show 
this complementation, since no intact protein is 
formed. In micro-organisms as well as in human cell 
cultures, (Sect.7.2.2.3) such complementation groups 
can easily be analyzed. 

Immediately after the advent of molecular genetics in 
the 1950s a new conceptualization became necessary. 
Benzer in 1957 [5] proposed partition of the gene 
concept into three aspects: the units of recombination 
(recon), mutation (muton), and action (cistron; from 
the cis-trans effect). In subsequent years the recon 
and the muton were found to be as small as a single 
nucleotide, the smallest unit in the genetic material; 
the cistron was identified with that segment of DNA 
which codes for one polypeptide chain. Of these three 
terms only the cistron became popular among geneti- 
cists; it was synonymous with the functional gene. 
With the increasing awareness of the complexities of 
the genetic material - introns, promoter sequences, 
pseudogenes, etc. - the delimitation of “genes” be- 
came more and more blurred. At present it is not at 
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Fig. 3.36. Historical development of the gene concept. Genes 
were first postulated by Johannsen to account for the “char- 
acters” shown by Mendel to be responsible for hereditary 
transmission of traits. No material basis for the gene could 
be postulated until the demonstration of linkage of genes on 
chromosomes led to the “bead-on-a-string” model. The 
beads were considered to be the genes, and the string reflec- 
ted the chromosome. The material basis of the gene remained 
undefined. The demonstration of DNA as the genetic material 
led to the definition of a gene as a specified sequence of DNA 
that codes for a polypeptide sequence (three nucleotide bases 
specify one amino acid). It was soon realized that the unit of 
polypeptide specification (“cistron”) differs from the unit of 
recombination (“recon”), which is different from the unit of 



mutation (“muton”). The “muton” could be as small as a sin- 
gle DNA base. It was then shown that vast stretches of DNA 
do not code for proteins, that some DNA sequences are regu- 
latory, and that structural genes are interrupted by noncod- 
ing intervening sequences (introns). Coding sequences of 
the structural genes are known as exons. The borders of the 
flanking and “regulatory” sequences upstream (5') and 
downstream (3') remain poorly defined. It is therefore impos- 
sible at present to define the boundaries of a gene precisely. 
The coding and intervening sequences of a gene can be accu- 
rately specified (see also [24]). Evidence is now accumulating 
that DNA sequences outside of coding genes and their control 
regions may have additional functions, for example, in a spa- 
tial configuration of chromosomes (see text). 



all clear which of the long DNA sequences inter- 
spersed between the coding parts, including repeti- 
tive sequences such as LINE and SINE elements, are 
necessary for gene function. The concepts of “chro- 
matin code” [109, 110] and “chromatin folding code” 
[117] may help in understanding the functional sig- 
nificance of a complex chromatin structure in which 
genes are embedded. 

New Results on Structure of Genes and Formal Genet- 
ics. The discussions in Chap. 3 on gene structure 
could create the impression that most results of clas- 
sical genetic analysis are now outdated. This, how- 
ever, is not the case. The principles of formal genetics 
remain applicable and necessary for analyzing modes 
of inheritance in families, the presence or absence of 
linkage between nonallelic genes, and the basic prop- 



erties of genes in populations. The situation might be 
compared to that encountered in physics: Quantum 
mechanics has helped us in understanding the nature 
of light much better than ever. However, classical 
physics such as geometrical optics is not only as cor- 
rect as it always was, but also necessary for many 
practical applications, such as constructing specta- 
cles or microscopes. It is therefore a necessary part 
of every physics textbook. 

Conclusions 

The information-carrying structure of chromosomes 
is deoxyribonucleic acid (DNA). The diploid human 
genome consists of approx. 6-7 x 10^ nucleotides lo- 
cated within chromosomes where they are packaged 
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with proteins. The base sequence of DNA specifies 
the information for each of the 20 amino acids, 
and their sequence determines the uniqueness of a 
protein. DNA also regulates transcription, which 
may vary depending on the state of embryonic de- 
velopment and differentiation of cells. Increasingly 
detailed knowledge of the human genome at the 
DNA level forms the basis for our understanding of 
genetic transmission and gene action. Extensive in- 
terindividual variation at the DNA level has been 
discovered using methods such as nucleic acid hy- 
bridization, Southern blotting, DNA sequencing, 
and the polymerase chain reaction. Such DNA var- 
iation has been useful in a variety of practical and 
theoretical studies including those on linkage, for- 
ensic and paternity identification, and human evo- 
lution. 

Molecular techniques have allowed researchers to de- 
fine and analyze numerous human genes and their 
corresponding genetic diseases. These include genes 
for hemoglobins (hemoglobinopathies), muscle pro- 
tein dystrophin (X-linked muscular dystrophy), 
blood coagulation factor VIII (hemophilia A), the 
huntingtin gene (Huntington disease), the transmem- 
brane conductance regulator gene (CFTR; cystic fi- 
brosis), and many others. The base sequence of the 
mitochondrial genome and several diseases caused 
by mitochondrial mutations have also been defined. 
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Formal Genetics of Humans: Modes of Inheritance 



The law of combination of the differing traits, according to which the hybrids develop, 
finds its foundation and explanation in the proven statement that the hybrids produce germ 
and pollen cells . . . which originate from the combination of the traits by fertilization. 

G. Mendel, Versuche iXber Pflanzenhybriden, 1865 



4.1 Mendel's Modes of Inheritance 
and Their Application to Humans 

Mendel’s fundamental discoveries are usually sum- 
marized in three laws: 

1. Crosses between organisms homozygous for two 
different alleles at one gene locus lead to genetical- 
ly identical offspring (F^ generation), heterozygous 
for this allele. It is unimportant which of the two 
homozygotes is male and which is female (law of 
uniformity and reciprocity). Such reciprocity ap- 
plies only for genes not located on sex chromo- 
somes. 

2. When these heterozygotes are crossed with each 
other (intercross), various genotypes segregate: 
one-half are heterozygous again, and one-quarter 
are homozygous for each of the parental types. 
This segregation 1:2:1 is repeated after crossing of 
heterozygotes in the following generations, 
whereas the two types of homozygotes breed pure. 
As noted above (Sect. 1.4), Mendel interpreted this 
result correctly, assuming formation of two types 
of germ cells with a 1 : 1 ratio in heterozygotes (law 
of segregation and law of purity of gametes). 

3. When organisms differing in more than one gene 
pair are crossed, every single gene pair segregates 
independently, and the resulting segregation ratios 
follow the statistical law of independent segrega- 
tion (law of free combination of genes). 

This third law applies only when there is no linkage 
(Chap. 5). Human diploid cells have 46 chromosomes: 
the two sex chromosomes and 44 autosomes forming 
22 pairs of two homologues each. The pairs of ho- 
mologues are separated during meiosis, forming 
haploid germ cells or gametes. After impregnation, 
paternal and maternal germ cells unite to form the 
zygote, which is diploid again. Sex is determined gen- 
otypically; women normally have two X chromo- 
somes, men have one X and one Y chromosome 
(Sect. 2.1.2). 

For an understanding of the statistical character of 
segregation ratios in humans it is important to realize 
that the number of germ cells formed (Sect. 9.3.3) is 



very large, particularly among males. Only a very 
small sample comes to fertilization. Regarding single 
gene loci this sampling process can generally be re- 
garded as random. 

Two alleles may be termed A and A'. The set of com- 
binations described in Fig. 4.1 are possible. As noted 
above, these theoretical segregation ratios are prob- 
abilities; segregation ratios found empirically should 
be tested by statistical methods to determine whether 
they are compatible with the theoretical ratios im- 
plied by the genetic hypothesis. 

The mating type of identical homozygotes (AA x A A 
or A'A' X A' A') is uninteresting except where it per- 
mits conclusions regarding genetic heterogeneity of 
a recessive condition (Sect. 4.3.5). Mating between 
the two different homozygous types (AA x A'A') is 
usually rare and is therefore of little practical impor- 
tance. Matings between homozygotes and heterozy- 
gotes (AA' X A A) and between two heterozygotes 
(A'A X A'A) are most important practically as ex- 
plained below. 

Mendel found that a genotype does not always deter- 
mine one distinct phenotype. Frequently heterozy- 
gotes resemble (more or less) one of the homozy- 
gotes. Mendel called the allele that determines the 
phenotype of the heterozygote dominant, the other 
recessive. With more penetrating analysis, some hu- 
man geneticists have concluded that these terms may 
be misleading and should be abandoned. In fact, at 
the level of gene action, genes are not dominant or 
recessive. At the phenotypic level, however, the dis- 
tinction is important and useful. Biochemical me- 
chanisms of dominant hereditary diseases (Sect. 7.6) 
usually differ from those of recessive conditions 
(Sect. 7.2). Hence the mode of inheritance gives a 
hint regarding the biochemical mechanism likely to 
be involved. 

In recent years, with the introduction of methods 
permitting analysis at a level closer to gene action, 
an increasing number of instances have become 
known in which each of two alleles in a heterozy- 
gous state has a distinct phenotypic expression. If 
both are inherited and phenotypically expressed, 
this mode of inheritance is sometimes called codo- 
minant. 
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4.1.1 Codominant Mode of Inheritance 

The first examples of codominance in man were 
found in the genetics of blood groups; the MN blood 
types (111300; numbers refer to identifying numbers 
of diseases listed in [41]) may serve as an example 
(Table 4.1). When methods for genetic analysis at the 
protein level became available, many more examples 
were soon discovered (Sect. 12.1). The example in Ta- 
ble 4.1 clearly points to a genetic model with two al- 
leles, M and N, the phenotypes M and N being the 
two homozygotes and MN the heterozygote. This ex- 
ample is used below for a statistical comparison be- 
tween expected and observed segregation ratios. The 
“aberrant” cases in parentheses, which at first glance 
seem to contradict the genetic hypothesis, were the 
result of false paternity - a frequent finding in most 
such investigations. 

4.1.2 Autosomal Dominant Mode of Inheritance 

The first description of a pedigree showing autosomal 
dominant inheritance of a human anomaly was Fara- 
bee’s [15] paper in 1905 on “Inheritance of Digital Mal- 
formations in Man.” Textbooks usually refer to the 
condition as brachydactyly (short digits), but from 
the original paper it is clear that not only were the pha- 



Table 4.1. Family studies of the genetics of MN blood types 
(from Wiener et al. 1953 [77]) 
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langes of hands and feet shortened, but the number of 
phalanges was also reduced (Fig. 4.2). In addition, sta- 
ture was low (average of 159 cm in three males), appar- 
ently due to shortness of legs and inferentially also of 
arms. In every other aspect, Farabee wrote. 

The people appear perfectly normal . . . and seem to suffer 
very little inconvenience on account of their malformation. 
The ladies complain of but one disadvantage in short fingers, 
and that is in playing the piano; they cannot reach the full oc- 
tave and hence are not good players. 
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Fig. 4.2. The brachyphalangy pedigree of Fara- 
bee [15]. Black symbols^ affected females (•) 
and males (■); numbers, point to their position 
in the pedigree 




died in infancy, 
or probably died 
in infancy 

additions to 
Farnbee's pedigree 



Figure 4.3 shows the pedigree. There are 36 affected in gen- 
erations II-V, 13 of which are male and 23 female. Among 
the unaffected 18 are male and 15 female. The trait is trans- 
mitted from one of the parents to about half the children; 
transmission is independent of sex. Unfortunately, Farabee 
did not consider the children of the unaffected. Had he done 
so, he would have found them free from the anomaly. Many 
other pedigrees have shown absence of the trait among off- 
spring of parents who do not carry the dominant gene. 
More recently the family has been reexamined [32]. The chil- 
dren of the unaffected family members and some affected fa- 
mily members were added, and X-ray examination confirmed 
that not only hands and feet were affected but the distal limb 
bones as well. The basic defect is thought to affect the epi- 
physeal cartilage. It is now called brachydactyly, type Ai 
(112500). 

Affected patients are heterozygous for an autosomal 
allele leading to a clearcut and regular abnormality 
in the heterozygote. Therefore the trait is, by defini- 
tion, dominant. The family shows two other charac- 
teristics that have since been found to be widespread: 

1. The anomalies were described as being almost 
identical in all family members, and in each person 
appearing in all four extremities. This is a frequent 
finding in malformations with a regular mode of 
inheritance. The reason for the symmetry is evi- 
dent considering that the same genes act on all 
four extremities. 




Fig. 4.3. Brachyphalangy in one member of a younger gen- 
eration of Farabee’s pedigree. (From Haws and McKusick 
1963 [32]) 



2. The anomaly affected the well-being of its bear- 
ers only very little. This lack of health impair- 
ment is typical for such extended pedigrees. Re- 
production is normal. Otherwise the trait would 
not be transmitted and would soon disappear. 
This is why, especially in the more serious domi- 
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nant conditions, extended pedigrees are the ex- 
ception rather than the rule. Most diseases 
caused by mutations observed in the present gen- 
eration have originated rather recently, often 
even in the germ cell of one of the parents (see 
Sect. 9.3). 

Late Manifestation^ Incomplete Penetrance, and Vari- 
able Expressivity. Sometimes a severe dominant con- 
dition manifests only during or after the age of re- 
production. Here extended pedigrees are usually ob- 
served in spite of the severity of the condition. The 
classic example is Huntington disease (143100), a 
degenerative disease of the nerve cells in the basal 
ganglia (caudate nucleus and putamen) leading to 
involuntary extrapyramidal movements, personality 
changes, and a slow deterioration of mental abil- 
ities. 

Wendt and Drohm [73] carried out a comprehensive 
study of all cases of Huntington disease in the former 
West Germany. The distribution of ages at onset is 
presented in Fig. 4.4. The great majority of their pa- 
tients were married when they developed clinical 
symptoms. Even among thousands of patients the au- 
thors were not able to locate a single case that could 
be ascribed with confidence to a new mutation. Simi- 
lar results were obtained in another study in Michi- 



gan [52] (see also [28, 29]). Analysis of the gene is de- 
scribed in Sect.3.1.3.8. 

Another phenomenon occasionally encountered in 
dominant traits is incomplete penetrance [62]). Pe- 
netrance is a statistical concept and refers to the 
fraction of cases carrying a given gene that mani- 
fests a specified phenotype. The transmission seems 
occasionally to skip one generation, leaving out a 
person who judging from the pedigree must be het- 
erozygous, or the fraction of those affected among 
sibs (after appropriate corrections. Sect. 4.3.4) turns 
out to be lower than the expected segregation ratio. 
An example is retinoblastoma (180200), a malignant 
eye tumor of children. Bilateral cases (and cases 
with more than one primary tumor) are always 
dominantly inherited, whereas most unilateral, sin- 
gle tumors are nonhereditary, probably being caused 
by somatic mutation (Chap. 10). Even in pedigrees 
otherwise showing regular dominant inheritance, 
however, apparent skipping of a generation is ob- 
served occasionally (Fig. 4.5). Calculation of the seg- 
regation ratio in a large sample showed that about 
45% of sibs were affected instead of the 50% expec- 
ted in regular dominant inheritance. The penetrance 
of all cases (unilateral and bilateral) is therefore 
about 90%. Penetrance in families with bilateral 
cases is higher than in those with unilateral cases. 



7 . 




Age of onset 

Fig. 4,4. Distribution of ages at onset in 802 cases of Huntington's disease. (From Wendt and Drohm 1972 [73]) 
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Fig. 4.5. Incomplete penetrance in retinoblastoma. The unaf- 
fected woman 11,4 must be heterozygous, her mother 1,2 and 
her daughter III,2 being affected; □ personally observed, 
(Personal observation, E V.) 



Discussion of other aspects of retinoblastoma: 



- Table 3.4: 

- Sect. 7.6: 

- Sect. 9.3: 

- Sect. 10.43: 

- Sect. 12.2.1.1: 
^ Appendix 7: 



The gene 

Mechanisms of dominant inheri- 
tance 

Mutation rate 

Theory of cancer formation 
Relaxation of natural selection 
Genetic counseling 



Discussion of other aspects of neurofibromatosis: 



- Table 3.4: 

- Sect. 93: 

- Sect. 18.1: 



The gene 
Mutation rate 

Mechanisms of cancer formation 
Genetic counseling 



In many cases, penetrance is a function of the meth- 
ods used for examination; higher penetrance is ob- 
served with detection methods (clinical or labora- 
tory) that are closer to gene action. 

In many dominant conditions the gene may mani- 
fest in all heterozygotes, but the degree of manifes- 
tation may be different. An example is neurofibro- 
matosis (162200). Some cases may show the full- 
blown picture with many tumors of the skin, cafe- 
au-lait spots, and systemic involvement, whereas 
other cases - even in the same families - may 
show only a few cafe-au-lait spots. The term used 
to describe this phenomenon is “variable expressiv- 
ity” [62]. While such terms as “incomplete pene- 
trance” and “variable expressivity” are often needed 
to convey quick understanding about certain phe- 
nomena, they may become dangerous if we forget 



that they do not explain a biological mechanism 
but rather are labels for our ignorance. 

It is indeed somewhat surprising that so many 
dominant conditions show such a large interindivi- 
dual variability in age at onset and severity of man- 
ifestation. It would be more understandable if such 
variability were observed only between different fa- 
milies. Our knowledge of molecular biology 
(Sect. 9.4) suggests that the mutational events lead- 
ing to these conditions are almost always slightly 
different between families. Indeed, there is usually 
an intrafamilial correlation between age at onset 
and severity of manifestation. For Huntington dis- 
ease, for example, Wendt and Drohm [73] calcula- 
ted a correlation coefficient of +0.57 for age at on- 
set for affected family members. But there usually 
remains appreciable variability within families, in 
which the abnormal genes are identical by descent. 
It is again no more than a label for our ignorance 
when we invoke the “genetic background” or the 
action of all other genes for help. In Huntington 
disease, molecular analysis of the gene has provi- 
ded at least a partial explanation: the number of re- 
peats in the DNA triplet GAT is higher in patients 
with onset at a very young age. Unfortunately, there 
is no correlation between the number of repeats 
and age at onset in most patients who develop 
their clinical disease in the fourth to sixth decades 
of life. 

Effect of Homozygosity on Manifestation of Abnormal 
Dominant Genes. An abnormal gene is called domi- 
nant when the heterozygote clearly deviates from 
the normal. Indeed, almost all bearers of dominant 
conditions in the human population are heterozy- 
gotes. From time to time, however, two bearers of 
the same anomaly do marry and have children. One 
quarter of these are then homozygous. This has 
been observed in several instances, especially when 
the spouses were relatives. The first example was 
probably that described by Mohr and Wriedt in 
1919 [43]- In a consanguineous marriage between 
two bearers of a moderate brachydactyly (11260) a 
child was born who not only lacked fingers and toes 
but also showed multiple malformations of the skele- 
ton and died at the age of 1 year. A sister, however, 
had only the moderate anomaly, as did her parents 

[43]. 

Further examples of homozygosity of dominant anomalies 
are known. In one family, two parents with hereditary he- 
morrhagic teleangiectasia had a child showing multiple, se- 
vere internal and external telangiectasias who died at the 
age of 2.5 months [57]. Similarly, a very severe form of epider- 
molysis bullosa was observed in two of eight children of a 
couple, both of whom were afflicted with a mild type of this 
disease. 
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Another couple, both having a myopathy affecting the distal 
limb muscles, had i6 children, three of whom showed atypi- 
cal and especially severe symptoms: the long flexors and the 
proximal hip muscles were also afflicted, and onset was earli- 
er in life [72]. 

Epithelioma adenoides cysticum (132700) is a dominant skin 
disease characterized by multiple nodular tumors. One fe- 
male patient, whose parents were both affected, had especial- 
ly severe symptoms, and her eight children all showed this 
anomaly (Fig. 4.6) [21]. Further examples include achondro- 
plasia (100800), Ehlers-Danlos syndrome (130000), and oth- 
ers [822]. All these cases indicate that homozygotes of domi- 
nant anomalies are more severely affected than heterozy- 
gotes. It is therefore of interest that there appears to be no 
clinical difference between heterozygotes and homozygotes 
for Huntington disease, which is therefore a truly dominant 
disease as defined by Mendel. Clearly a different mechanism 
must apply to the pathogenesis of such a condition as com- 
pared with most other autosomal-dominant diseases, where 
dose effects are observed [74]. 

Given what we know about gene action, this is 
not surprising. In familial hypercholesterolemia 
(143890) for example, the mechanism of action of a 
dominant gene is known. A decreased number of re- 
ceptors for a regulatory substance (low-density lipo- 
protein) showed the expected differences between 
heterozygotes and affected homozygotes: 50% de- 
crease and complete absence or very much reduced 
activity of receptors, respectively (Sect. 7.6.4). Affec- 
ted homozygotes show massive hypercholesteremia 
and usually die of myocardial infarction before the 
age of 30 years. 

As noted above, Mendel called a gene dominant when 
the phenotype of the heterozygote resembled that of 
one homozygote. The examples of more severe mani- 
festation of dominant genes in the homozygous than 
in the heterozygous state show that this strict defini- 
tion is not maintained in human genetics. Here, all 
conditions are called dominant in which the heterozy- 
gote deviates consistently and perceptibly from the 
normal homozygote - irrespective of the phenotype of 
the anomalous homozygote. In MendeFs strict defini- 
tion, most or even all dominant conditions in humans 
would be “intermediate.” However, the more lenient 
connotation of “dominance” is now in general use. 






4.1.3 Autosomal-Recessive Mode of Inheritance 

The mode of inheritance is called recessive when the 
heterozygote does not differ phenotypically from the 
normal homozygote. In many cases special methods 
uncover slight detectable differences (Sect.7.2.2.8). 
Contrary to dominant inheritance, in which almost 
all crosses are between heterozygotes and homozy- 
gous normals (Sect. 4.1.2), the great majority of mat- 
ings observed in recessive anomalies involve hetero- 
zygous and phenotypically normal individuals. Since 
the three genotypes AA, Aa, and aa occur in the ratio 
1:2:1 among the offspring, the probability of a child’s 
being affected is 25%. At the turn of the century 
when Garrod wrote his paper on alkaptonuria 
(Sect. 1.5) the “familial” character of recessive dis- 
eases was evident, as family size was large. Today, 
however, two-children families are generally predo- 
minant in industrialized societies. This means that 
the patient with a recessive disease is very often the 
only one affected in an otherwise healthy family. 
However, once an affected child has been born, the 
genetic risk for any further child of the same parents 
is 25%. This is important for genetic counseling. 
Xeroderma pigmentosum is an autosomal recessive 
disease (278700). After exposure to ultraviolet light 
erythema develops, especially in the face, followed 
by atrophy and telangiectases. Finally, skin cancers 
develop that, if untreated, lead to death. Figure 4.7 b 
shows a typical pedigree; here the parents are first 
cousins. The rate of consanguinity among parents of 
patients with rare recessive diseases is well above the 
population average. Usually these parents have inher- 
ited this gene from a common ancestor (Sect. 13.2). In 
Garrod’s days this was a powerful tool for recogniz- 
ing rare recessive diseases; among ten families of al- 
kaptonurics for which this information was available, 
the parents were first cousins in six cases (Sect. 1.5). 
Today, however, the consanguinity rate has decreased 
in most industrialized societies. Hence, even if the 
rate of consanguinity in families with affected chil- 
dren is substantially increased above the population 
average, this does not necessarily lead to the appear- 
ance of consanguineous mating when a limited num- 



Fig. 4.6. Woman homozygous for epithelioma adenoides 
cysticum and her progeny in two marriages. (From Gaul 
1953 [21] ). The pedigree was complemented in 1958 by 
Ollendorff- Curth [45] 
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Fig. 4.7 a, b. Xeroderma pigmentosum, a Girl with this condition (Courtesy of Dr. U. W. Schnyder) b Pedigree of single case 
with first-cousin marriage. (From Dorn 1959 [14]). 
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Fig. 4.8. Pedigree of deaf- mutism showing genetic heteroge- 
neity. Both parents are affected with a hereditary type of 
deaf-mutism; they have affected sibs and come from consan- 



guineous marriages; however, the two sons are not deaf. 
They are compound heterozygotes for different deaf mutism 
genes. (From Miihlmann 1930 [44]). 



ber of families are studied particularly if the abnor- 
mal gene is not too rare. This phenomenon together 
with the small average family size makes it increas- 
ingly difficult to recognize an autosomal-recessive 
mode of inheritance with certainty. Fortunately, how- 
ever, we no longer need to depend solely on formal 
genetics. When a rare disease, especially in a child, 
shows signs of being an inborn error of metabolism, 
and especially when an enzyme defect can be demon- 
strated, a recessive mode of inheritance can be infer- 
red in the absence of evidence to the contrary. For 
purposes of genetic counseling, it must be as- 
sumed. 

As a rule the vast majority of patients with autoso- 
mal-recessive diseases are children of two heterozy- 
gotes. Especially decisive for recessive inheritance 
are the rare matings of two homozygotes with the 
same anomaly. If both parents are homozygous for 
the same recessive gene, their mating should exclu- 
sively produce affected children. A number of such 



examples are reported in albinism (203100, 203200). 
Some marriages between albinos, however, have pro- 
duced normally pigmented children [63]. Unless 
these children are all illegitimate, this proves that 
the parents must be homozygous for different albino 
mutations, i. e., more than one albino locus must exist 
in man. This is the kind of proof that formal genetics 
can provide to indicate genetic heterogeneity of dis- 
eases demonstrating an autosomal recessive mode of 
inheritance and the same (or a very similar) pheno- 
type. Genetic heterogeneity has now been shown in 
albinism by biochemical methods [54]. 

Another condition for which genetic heterogeneity 
has been proven in this way is deaf-mutism 
(Fig. 4.8). Since environmental causes can also cause 
deafness, it is remarkable that in the pedigree shown 
here both spouses have an affected sibling, and both 
parents are consanguineous. The hypothesis of genet- 
ic heterogeneity has since been confirmed for this 
condition with a variety of methods. 
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Pseudo dominance in Autosomal Recessive Inheritance, 
Occasionally matings between an unaffected hetero- 
zygote and an affected homozygote are observed. 
One parent is affected, and the expected segregation 
ratio among children is i : i. Since this segregation 
pattern mimics that found with dominant inheri- 
tance, this situation is aptly named “pseudodomi- 
nance.” Fortunately for genetic analysis, such mat- 
ings are very rare. 

Garrod’s alkaptonuria (203500; Sect. 1.5) provides an 
example. In all families described since Garrod the 
autosomal-recessive mode of inheritance had been 
confirmed until 1956 when a family with a phenotypi- 
cally similar but apparently dominant form was re- 
ported (Fig. 4.9) - a surprising finding. Some years 
later the authors had to disavow their conclusions: 
further family investigations had shown typical, re- 
cessive alkaptonuria. A number of marriages between 
relatives (homozygotes x heterozygotes) had led to 
pseudodominance. If an individual suffering from a 
recessive disease mates with a normal homozygote, 
all children are heterozygotes and hence phenotypi- 
cally normal. As soon as we learn to treat recessive 
diseases successfully, marriages of affected but treat- 
ed homozygotes will increase. 

Expressivity is generally more uniform within the 
same family in recessive than in dominant disorders. 
Incomplete penetrance seems to be rare. Variability 
between families, however, may be appreciable. 

Compound Heterozygotes. When a more penetrating 
biochemical analysis becomes possible, alleles of dif- 
ferent origin frequently have slightly different proper- 
ties. In an increasing number of instances when the 
gene is analyzed, and the mutations can be identified, 
such differences can be explained by the properties of 
the gene-determined proteins and the impairment of 
their specific functions. The genes of hemoglobin a 
and P chains offer an extreme example. Homozygosity 
of a mutation within the Hb (3 gene, for example, may 
lead to sickle cell anemia or thalassemia major, de- 
pending on the precise place of the base substitution. 
If there are different substitutions within the two al- 
leles, the resulting phenotype might differ from any 
one of the two true homozygotes. The phenotype of 
the compound heterozygote who has the sickle cell 
mutation in one allele and the HbC mutation in the 
other is different from that of either homozygote (SS 
or CC). It depends on the population structure how of- 
ten homozygous patients with a recessive disease are 
true homozygotes carrying precisely the same muta- 
tion twice, and how often they are compound hetero- 
zygotes who carry in their two chromosomes different 
mutations of homologous genes (Fig. 4.10). 

We can be reasonably sure that an affected homozy- 
gote carries two copies of the same mutation if both 




Fig. 4.9. Pedigree of pseudo dominance of alkaptonuria, an 
autosomal-recessive condition, |S|, Suspected alcaptonuric; 
P, sex unknown. (From Milch [42]) 
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Fig. 4.10. Formation of a compound heterozygote. Each line 
represents the mutant locus on one chromosome in a parent. 
Among the many possibilities for mutation, two are shown. If 
parents are heterozygous for mutations that are at identical 
sites, the affected child is a “true” homozygote; otherwise, 
he or she is a compound heterozygote 



copies have a common origin; for example, if his par- 
ents are first cousins and if the condition is very rare. 
Another source of identity by descent are cases from 
an isolate in which a single mutation - which has 
been introduced by one individual - became fre- 
quent, such as the skin disease called Mai de Meleda 
on the Croatian island of Mljet (Sect. 13.3.2). Even in 
a larger and genetically heterogeneous population 
group, however, the majority of homozygotes may 
carry the same gene twice. This happens especially 
when the gene had a selective advantage some time 
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in the past. The CFTR (cystic fibrosis) gene is one ex- 
ample: about 6 o %-70% of all abnormal alleles in 
northwestern European populations are of the type 
A 508, meaning that about 40 %-50 % of patients are 
indeed homozygous for this mutation (0.7 x 0.7 = 
0.49) (Sect. 12.1.3). In other diseases the great major- 
ity of “homozygous” individuals are in fact com- 
pound heterozygotes. With the progress of DNA stu- 
dies of human genes this question will be answered 
directly in an increasing number of instances. 

4.1.4 X-Linked Modes of Inheritance 



In humans, every mating is a Mendelian backcross 
with respect to the X and Y chromosomes: 
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This implies that on average female and male zygotes are 
formed at a 1:1 ratio. This, however, is not quite true. The 
sex ratio at birth (known as the secondary sex ratio in con- 
trast to the primary sex ratio at conception) is slightly shifted 
in favor of boys (102-106 boys/100 girls). The primary sex ra- 
tio is not known exactly, but there are hints that it is also 
somewhat variable. The formal characteristics of X-linked 
modes of inheritance can easily be derived from the mode 
of sex determination. [Many studies on the (primary and sec- 
ondary) sex ratio have been published. Chromosome studies 
on abortions should reflect the primary sex ratio and point 
to a value not too far from 100 (boys and girls in a ratio of 
1:1). However, the primary and secondary sex ratio also de- 
pend on the interval between sexual intercourse and ovula- 
tion, frequency of intercourse, general cultural conditions, 
and even war and peace. After artificial insemination, the 
fraction of male offspring appears to be appreciably in- 
creased. 

X-Linked Recessive Mode of Inheritance. If we use A 
for the dominant, normal wild-type and a for the re- 
cessive alleles, the following matings are possible: 

a) AA9 X Ad. All children have the phenotype A. 
Neither this nor the analogous mating aa x a is 
useful for genetic analysis. 

b) AA9 X ad. All sons have one of the mother’s nor- 
mal alleles. They are healthy. All daughters are 
heterozygous Aa. They are phenotypically healthy, 
but carriers of the abnormal allele. In the analo- 
gous, very rare mating aa9 + Ad all sons are af- 
fected (a), and all daughters are heterozygous 
(Aa). 



c) Aa9 + Ad. This type is most important. All 
daughters are phenotypically normal; half are het- 
erozygous carriers. Half of their sons are hemizy- 
gous a and affected. The analogous mating 
Aa9 X ad is extremely rare. There is a 1:1 ratio 
of affected and heterozygotes among female chil- 
dren and an 1:1 ratio of affected and normals 
among males. 

The principal formal characteristics of X-linked re- 
cessive inheritance can be summarized as follows: 
Males are predominantly - and in rare X-linked con- 
ditions almost exclusively - affected. All their pheno- 
typically healthy but heterozygous daughters are car- 
riers. If no new mutation has occurred, and the 
mother of the affected male is heterozygous, half of 
his sisters are heterozygous carriers. Among sons of 
heterozygous women, there is a 1 : 1 ratio between af- 
fected and unaffected. 

Strictly speaking, transmission from affected grand- 
fathers via healthy mothers to affected grandsons is 
helpful, but not altogether decisive for locating the 
gene on the X chromosome. An autosomal gene with 
manifestation limited to the male sex could show the 
same pattern. The fact that all sons of affected men 
are unaffected, however, is decisive unless the wife is 
a heterozygous carrier which may not be unusual for 
common X-linked traits. This criterion can create dif- 
ficulties in interpretation when a disease is so severe 
that the patients do not reproduce. 

The two most famous and, from a practical standpoint, very 
important examples are hemophilia A and B (306700, 
306900). Due to its alarming manifestations, hemophilia has 
been known to doctors for a long time and has given rise to 
the formulation of Nasse’s rule (Sect. 1.2). Figure 4.11 shows 
the famous pedigree of Queen Victoria’s descendants in the 
European royal houses. One of the hemophilics was the Czar- 
evich Alexei of Russia, and in this case genetic disease influ- 
enced politics. Rasputin’s power over the imperial couple 
was based at least partially on his ability to comfort the Czar- 
evich when he was frightened by bleedings. Much larger ped- 
igrees have been described, probably the most extensive 
being that of hemophilia B in Tenna, Switzerland. As a rule, 
however, the pedigrees observed in practice are much smal- 
ler. Frequently there is only one sibship with affected broth- 
ers, or the patient is even the only one affected in an other- 
wise healthy family. Again, as in dominant conditions 
(Sect. 4.1.2), this is caused by the reduced reproductive capa- 
city of the patients, which leads to the elimination of most se- 
vere hemophilia genes within one or a few generations after 
they have been produced by new mutation. As expected, al- 
most all hemophilia patients are males. However, there are a 
few exceptions. Figure 4.12 shows a pedigree from former 
Czechoslovakia in which a hemophilic had married a hetero- 
zygote (who was his double first cousin because in their par- 
ents’ generation two brothers had married two sisters). The 
homozygous sisters both had moderately severe hemophilia 
similar to their affected male relatives. 
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Fig. 4.11. Pedigree of X-linked recessive hemophilia A in the gous; she transmitted the mutant gene to one hemophilic 
European royal houses. Queen Victoria (1,2) was heterozy- son and to three daughters 
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Fig. 4.12. Pedigree of two female 
homozygotes for X-linked hemo- 
philia. The parents are double first 
cousins. O, Obligatory hetero- 
zygotes. (From Pola and Svojitka 
1957 [50]) 



Some X-linked conditions have reached consider- 
able frequencies. The most widespread are red- 
green color vision defects (Sect. 15.2.1.5) and var- 
iants of the enzyme glucose-6-phosphate dehydro- 
genase (Sect.7.2.2.2), but various types of X-linked 
mental retardation (Sect. 15.2.1.2) are also common. 

X-Linked Dominant Mode of Inheritance. An X-linked 
dominant condition manifests itself in hemizygous 
men and heterozygous women. However, all sons of 
affected males are free of the trait unless their moth- 
ers are also affected, and the sons’ children are also 
unaffected. On the other hand, all daughters of affec- 
ted males are affected. Among children of affected 
women the segregation ratio is 1:1 regardless of the 
child’s sex, just as in autosomal-dominant inheri- 
tance. If affected individuals have a normal rate of re- 
production, about twice as many affected females as 
males are found in the population. 

Since only children of affected males provide infor- 
mation in discriminating X-linked dominant from 
autosomal-dominant inheritance, it is difficult or 



even impossible to distinguish between these modes 
of inheritance when the available data are scarce. 

The first clearcut example was described by Siemens in 1925 
[55] in a skin disease that he named “keratosis follicularis 
spinulosa decalvans cum ophiasi” (308800). The disease 
manifests follicular hyperkeratosis leading to partial or total 
loss of eyelashes, eyebrows, and head hair. Severe manifesta- 
tions were, however, confined to the male members of this fa- 
mily. 

Since then it has been confirmed for all traits with an 
X-linked dominant mode of inheritance that males 
are on average more severely affected than females. 
This finding is no surprise since heterozygous wo- 
men have a normal allele for compensation, but a sa- 
tisfactory explanation became possible only when 
random inactivation of one of the X chromosomes 
in females was discovered (Sect.2.2.3.3). 

Another example of X-linked dominant inheritance is vita- 
min D resistant rickets with hypophosphatemia (307800) 
[78]. In the pedigree shown in Fig. 4.13, all 11 daughters of 
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Fig, 4,13. Pedigree of X-linked dominant vitamin D resistant 
rickets and hypophosphatemia, ■.Hypophosphatemia and 




ricketsj H. hypophosphatemia without rickets. (From Win- 
ters et al, 1957 [78]) 
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Fig, 4,14, a Incontinentia pigmenti (Bloch-Sulzberger; cour- 
tesy of Dr W. Fuhrmann). Note the marble cake appearance 
of skin, b Pedigree of incontinentia pigmenti, Spontaneous 
abortion; incontinentia pigmenti. (From Lenz 1961 [38]) 



the affected men suffered from rickets or had hypophospha- 
temia; all 10 of their sons, however, were healthy. The affected 
women have both affected and healthy sons and daughters. 
The probability for the mode of inheritance to be autoso- 
mal-dominant and for the affected males to have only affect- 



ed daughters and only healthy sons is less than 1:10000. 
Moreover, in this family male members also tended to be 
more severely affected than females. 

X-Linked Dominant Inheritance with Lethality of the 
Male Hemizygotes [75]. Females with X-chromoso- 
mal diseases tend to have milder symptoms than 
males, as noted above. In some cases the male zygotes 
may be so severely affected that they die before birth, 
and only the females survive. This would result in 
pedigrees containing only affected females, and 
among their children affected daughters, normal 
daughters, and normal sons would be found in the ra- 
tio of 1:1:1. Among the male hemizygotes who did 
not die in very early pregnancy, spontaneous abor- 
tions (or male stillbirths) would be expected. 
W.Lenz in 1961 [38] was the first to show that this 
mode of inheritance exists in humans in the condi- 
tion known as incontinentia pigmenti (Bloch-Sulz- 
berger; 308300). 

Around the time of birth the girls affected with this disease 
develop inflammatory erythematous and vesicular skin 
disorders. Later, marblecakelike pigmentations appear 
(Fig. 4.14a). The syndrome additionally comprises tooth 
anomalies. Figure 4.14 b shows a typical pedigree. The alter- 
native hypothesis would be that of an autosomal-dominant 
mode of inheritance with manifestation limited to the female 
sex. The two hypotheses would have the following conse- 
quences: 

a) With autosomal-dominant sex-limited inheritance, and 
after proper correction (Sect. 4.3.4), there would be a 1:1 
ratio of affected to unaffected among sisters of propositae. 
All brothers would be healthy. If the population sex ratio 
is assumed to be 1 : 1, a sex ratio of 2d : 19 would be expec- 
ted among healthy sibs. With X-linked inheritance, on the 
other hand, the expected number of healthy brothers is 
much lower, because one-half of the male zygotes are ex- 
pected to die before birth (possibly leading to an in- 
creased rate of spontaneous miscarriages). Among healthy 
sibs a id: 19 ratio would be expected. 




140 Formal Genetics of Humans: Modes of Inheritance 



b) With autosomal-dominant inheritance the abnormal gene 
may come from the father or from the mother. Therefore 
more remotely related affected relatives are to be expected 
among paternal as well as among maternal relatives. With 
X-linked inheritance, on the other hand, the gene must 
come from the mother. Considering the rarity of the con- 
dition, additional cases would not occur in the father’s 
family. 

c) With autosomal-dominant inheritance the loss of mutant 
genes per generation would be relatively small compared 
to the total number of these mutations in the population, 
since the male carriers, being free of symptoms, would re- 
produce normally. Therefore, assuming genetic equili- 
brium (Sect. 9.3.1), the number of new mutations would 
be small compared to the overall number of cases in the 
population. With X-linked inheritance, on the other 
hand, the loss of zygotes is high due to death of the hemi- 
zygote. Hence many of the cases in the population are 
caused by recent mutation, and extensive pedigrees are 
rare [4]. 

The available statistical evidence has consistently supported 
the hypothesis of an X-linked dominant mode of inheritance 
with lethality of the male hemizygote. According to Carney 
et al. [10], 593 female and 16 male cases have been reported. 
Among the female patients 55 % had a positive family history. 
How can the sporadic males be explained? Of course, the phe- 
nomenon of Durchbrenners (Hadorn [24] used the term “es- 
capers” - the occasional survival of individuals affected with 
a lethal genotype) is well known, but Lenz [39] suggested a 
more specific explanation, assuming, on the basis of a sug- 
gestion by Cartier and Francke [20], that a mutation occurs 
in only one halfstrand of the DNA double helix of either the 
sperm or the oocyte. 

Meanwhile, a few other conditions have been added to this 
category. One is the orofaciodigital syndrome type I 
(311200) which consists of a number of malformations of 
mouth and tongue, a median cleft lip, and various malfor- 
mations of digits [19]. Other examples may include focal 
dermal hypoplasia, X-linked chondrodysplasia punctata, or- 
nithine transcarbamylase deficiency (311250; lethality in the 
neonatal hemizygous male), and partial lipodystrophy with 
lipotrophic diabetes. Another example is a rare disease of 
agenesis of the corpus callosum with flexor spasms, epileptic 
seizures, and chorioretinal abnormalities (Aicardi syndrome 
[1]). All cases except one patient with Klinefelter syndrome 
[41] were girls. They died in infancy. Hence, they must have 
been sporadic, new mutants. One observation in sisters was 
explained by germ cell mosaicism in one of the parents. 
Moreover, single pedigrees suggesting this mode of inheri- 
tance have been published for some other conditions, for ex- 
ample, a special variant of limb girdle muscular dystrophy 

[3, 75]. 

Genes on the Y Chromosome. Until the 1950s most ge- 
neticists were convinced that the human Y chromo- 
some contained genes that occasionally mutate, giv- 
ing rise to a Y-linked (or holandric) mode of inheri- 
tance with male-to-male transmission and males so- 
lely being affected. Stern in 1957 [58] reviewed the 
evidence with the result that the time-honored text- 



book example of Y-linked inheritance of the porcu- 
pine man (severe ichthyosis) could no longer be 
maintained as valid. The only characteristics for 
which Y-linked inheritance can still be discussed are 
hairy pinnae, i. e., hair on the outer rim of the ear. A 
number of extensive pedigrees have been published 
that show male-to-male transmission. However, the 
late onset, usually in the third decade of life, and the 
extremely variable expressivity and high prevalence 
in some populations (up to 30 %), makes distinction 
from a multifactorial mode of inheritance with sex 
limitation very difficult. Y-linkage can therefore not 
be fully accepted for this trait. 

The Y chromosome contains genes for male differen- 
tiation as well as for spermatogenesis. The evidence 
is discussed in Sect. 8.5. 

In experimental animals, segregation ratios deviating 
from those expected from Mendelian expectations 
were occasionally reported, one example being the T 
locus of the mouse [6]. 

Other cases for which abnormal segregation has been assert- 
ed are less well-documented. Since families with many chil- 
dren have become the exception in most industrial societies, 
the prospect for tracking down and verifying abnormal seg- 
regation of pathological genes is becoming more difficult. 



4.1.5 "Lethal" Factors [ 24 ] 

Animal Models. Mutations showing a simple mode of 
inheritance often lead to more or less severe impair- 
ment of their bearer’s health. There is even evidence 
(Sect. 4.1.4) that some X-linked conditions prevent 
the male hemizygote from surviving to birth. It can 
be assumed that mutations exist which interfere with 
embryonic development of their carriers so severely 
as to cause prenatal death. 

The first reported case of a lethal mutation in mammalian ge- 
netics was the so-called yellow mouse. L. Cuenot [12] reported 
an apparent deviation from Mendel’s law in 1905. A mutant 
mouse with yellow fur color did not breed true. When yellow 
animals were crossed with each other, normal gray mice al- 
ways segregated out. All yellow mice were heterozygous. 
They all had the same genetic constitution A^/A^; A^ is a 
dominant allele of the agouti series, the wild allele of which 
is termed A . When A^/A heterozygotes were mated with 
A /A homozygotes, the expected 1 : 1 ratio between yellow 
and gray mice was observed. In 1910 it was found that A^/A^ 
homozygotes are formed but die in utero. Abnormal embryos 
were later discovered in the expected frequency of 25 %. 

In this case the allele that is lethal in the homozygous 
state can be recognized in the heterozygotes by the 
yellow fur color. 

Cases of this sort are exceptional. Generally heterozy- 
gotes of lethals are not readily recognizable; therefore 
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lethals occurring spontaneously are difficult to ascer- 
tain even in experimental animals and much more so 
in man. 

Usually a lethal mutation kills the embryo in a char- 
acteristic phase of its development (“effective lethal 
phase” [24]. This can easily be explained by the as- 
sumption that the action of the mutant gene would 
be required for further development in this phase. 

Lethals in Humans. In humans many different types 
of lethals must occur since many metabolic pathways 
and their enzymes are essential for survival. It is like- 
ly that many still undetected enzyme defects do in- 
deed occur but are not compatible with zygote survi- 
val. Moreover, many types of defects of inducer sub- 
stances needed during embryonic development, and 
enzymes involved in nucleic acid and protein syn- 
thesis, may occur and add to the high incidence of 
zygote death, which has so far been unexplainable ge- 
netically. This problem is discussed from a different 
standpoint in the context of population genetics 
(Chap. 8). 

According to current estimates, about i5%-20% of 
all recognized human pregnancies end in sponta- 
neous miscarriage. Studies on other mammals sug- 
gest that an appreciable number of additional zygote 
losses go unnoticed, as death occurs during migra- 
tion through the fallopian tubes. How much of this 
zygote wastage is due to genetic factors is unknown. 
A high proportion is caused by numerical or struc- 
tural chromosome aberrations (Sect. 2.2.4). However, 
there are certainly other maternal causes for abortion 
as well. While it seemed hopeless to try to relate any 
proportion of antenatal (or even postnatal) zygote 
loss to autosomal-dominant or recessive lethals, it ap- 
peared more reasonable to speculate about X-linked 
lethals, as these could influence the sex ratio. 

4.1.6 Modifying Genes 

So far we have considered phenotypic traits depend- 
ing on one gene only. However, the phenotypic ex- 
pression of one gene is usually influenced by other 
genes. Experiments with animals, especially mam- 
mals, show the importance of this “genetic back- 
ground.” One way to overcome analytic difficulties 
caused by such variation is the use of inbred strains 
where all animals are genetically alike. 

The genetic background is a fairly diffuse concept, 
but in a number of cases it has been possible to 
show that penetrance or expressivity of a certain 
gene can be influenced by another, which is called a 
“modifier gene” when expressivity is influenced. 
When penetrance is suppressed altogether, the term 
“epistasis” (and “hypostasis” of the suppressed gene) 



is used. In experimental animals cases have been ana- 
lyzed in which the interaction of two mutations at dif- 
ferent loci leads to a completely new phenotype. The 
classic example is the cross of chickens with “rose” 
combs and “pea” combs, which leads to the “walnut” 
comb in homozygotes for both of these mutations. 
To the best of our knowledge, a similar situation has 
not been described in man. Modifier genes and epis- 
tasis, however, have been demonstrated. 

Modifying Genes in the ABO Blood Group System. The 
best analyzed examples of modifying genes are of- 
fered by the ABO blood group systems. Occurrence 
of the ABH antigens in saliva (and other secretions) 
depends on the secretor gene Se. Homozygotes se/se 
are nonsecretors; heterozygotes Se/se and homozy- 
gotes Se/Se are secretors. Hence, se is a recessive sup- 
pressor gene. Other rare suppressor genes even pre- 
vent the expression of ABH antigens on the surface 
of erythrocytes. 

Bhende et al. [2] discovered a phenotype in 1952 which 
they called “Bombay” (211100). The erythrocytes were not 
agglutinated either by anti-A, anti-B or anti-H. The serum 
contained all three of these agglutinins. Later another fa- 
mily was discovered showing that the bearers of this un- 
usual phenotype did have normal ABO alleles, but that their 
manifestation was suppressed (Fig. 4.15; a woman, II, 6, 
has a Bombay phenotype but transmitted the B allele to 
one of her daughters). It was further shown that A can 
also be suppressed, and the available family data suggested 
an autosomal-recessive mode of inheritance. In the family 
shown in Fig. 4.15, the parents of the proposita are first 
cousins. 

The locus is not linked to the ABO locus. The gene pair was 
named H, h, the Bombay phenotype representing the homozy- 
gote, h/h. The gene has been cloned (see [41]). Depending on 
the nature of the suppressed allele, the phenotype is designat- 
ed O^Aj, OijA^, or Oj^B. The phenotype has a frequency of 
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Fig. 4.15. The Bombay blood type. Manifestation of the B an- 
tigen is suppressed by a recessive gene x. Note that an O 
mother (11,6) has an A^B child. (From Bhende et al. 1952 [8]) 
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about 1 in 13000 among Maharati-speaking Indians in and 
around Bombay. A variant with reduced activity is common 
in the population isolate on Reunion Island [22]. It is caused 
by the defect of an enzyme that converts a precursor substance 
into the H antigen, which in turn is a precursor of the A and B 
antigens [31, 46, 51]. A second gene pair Yy, the rare homozy- 
gous conditions of which partially suppresses the A antigen, 
has been postulated, and subsequently a number of additional 
families with this condition have been reported. 

Sex-Limiting Modifying Genes. In other, less directly accessi- 
ble traits the action of modifying genes has been analyzed 
with statistical methods. 

Haldane [25] tried in 1941 to identify such genes in Hunting- 
ton disease, using the family data assembled by Bell in 1934 
[5]. Harris in 1948 [30] examined the problem in a condition 
called diaphyseal aclasis (133700), which is characterized by 
multiple exostoses near the cartilaginous epiphyses. 

The mode of inheritance is dominant; however, the condition 
is about twice as common in males as in females. It may be 
transmitted in some families through unaffected females but 
not through unaffected males. Statistical analysis of the com- 
prehensive pedigree data collected by Stocks and Barrington 
[60] suggests in part of the families independent segregation 
of a factor leading to incomplete penetrance only in females: 
a sex-limiting modifying gene. 

Modification by the Other Allele. Phenotypic expres- 
sion of a gene may be modified not only by genes at 
other loci but also by the “normal” allele. One exam- 
ple comes from the genetics of the Rh factor 
(Sect. 5.2.4). Occasional blood specimens, when tested 
with an anti-Rh D serum, give neither a strong posi- 
tive nor a negative reaction but an attenuated positive 
reaction. These are called D“. In most cases a special 
allele is responsible for this effect, but there are ex- 
ceptions. In several families the reaction was ob- 
served only in family members having Cde as the 
homologous allele (Fig. 4.16). 

Modification by variation in related genes. Sickle cell 
anemia caused by homozygosity for HbS (see section 
7. 3.2) becomes clinically less severe in the presence of 
several genetic conditions that increase the amount of 
fetal hemoglobin in the affected red cells. Similarly, 
the presence of the common alpha thalassemia gene 
(see section 7.3.2), makes for a milder disease mani- 
festation. 



Modification by a DNA Polymorphism Within the 
Same Gene. Analysis at the molecular level is reveal- 
ing new and unsuspected phenomena, including 
those regarding modification of gene action. Prions 
are especially interesting proteins. Mutations within 
the prion gene (176640) may cause hereditary disea- 
ses such as Creutzfeldt-Jakob disease (CJD), Gerst- 
mann-Straussler disease (GSD), or familial fatal in- 
somnia (FFI). The same mutation (Asp Asn-178) 
may lead either to CJD or to FFI, depending on a nor- 
mal polymorphism within the same gene but at a dif- 
ferent site: the allele Val 129 segregated in CJD and 
the allele Met 129 segregated in FFI [23]. 

Study of various modifying genes and their mechan- 
ism is promising to be an important feature for our 
understanding of the variability of genetic diseases. 
The causes of clinical variability in monogenic dis- 
eases are: 

- Genetic heterogeneity 

- Intra-allelic: different mutations at same locus 

- Inter-allelic: different mutations at other loci 

- Modifying genes 

- Additional polymorphisms altering protein con- 
formation 

- Other, as yet unknown mechanisms 

- Exposure to various environmental factors re- 
quired for clinical end result 

- Random additional somatic mutations of allele at 
same locus (e. g., tumors) 

- Imprinting (parental origin of mutation) 

4.1.7 Genomic Imprinting and Anticipation 

A time-honored concept popular among physicians in 
the nineteenth and early twentieth centuries was an- 
ticipation. They observed that some hereditary disea- 
ses begin earlier in life and follow a more severe course 
as they progress through generations: the grandfather 
appeared to be mildly affected; the father was definite- 
ly ill, and in the son the disease manifests itself with 
full force. Anticipation was closely associated with an- 
other concept called “degeneration”: in some families 
general, mental, and physical qualities were thought 
to deteriorate through the generations. These ideas be- 
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came popular not only among physicians but also 
among the general public, and were expressed in lit- 
erary works such as Thomas Mann’s novel Die Bud- 
denbrocks. In two diseases that tend to manifest during 
adult life, anticipation seemed to be obvious: Hunting- 
ton disease and myotonic dystrophy (160900) [17]. In 
the latter, myotonia is associated with relatively mild 
muscular dystrophy, cataracts, and sometimes mental 
retardation, or dementia. This disease shows an un- 
usual degree of variability in age at onset, and earlier 
onset as well as a more severe course in some patients 
of the most recent generation. 

When Mendel’s laws were rediscovered, anticipation 
did not fit the new, and otherwise so successful, theo- 
ry. Therefore scientists interested in genetic problems 
tried to explain these phenomena away with sophisti- 
cated arguments (which we also used in the first two 
editions of this book). Weinberg [71] pointed out, 
for example, that anticipation can easily be simulated 
if families were ascertained directly by patients of the 
youngest generation who were affected early in life. 
Their parents and grandparents, on the other hand, 
who were ascertained through these young probands, 
could be recognized only if onset of the disease was 
so late that they had a chance to have children. 
Penrose [49], one of the best human geneticists of his 
time, explained in great detail that anticipation could 
be feigned if ascertainment through the youngest 
generation combined with dissimilarity of age at on- 
set between parents and children, but similarity be- 
tween sibs. This would be expected if, in a dominant 
condition, the normal allele influenced the degree of 
manifestation of the mutant allele (allelic modifica- 
tion; Fig. 4.17). There can be little doubt that explana- 
tions given by Weinberg and Penrose are correct in 
some instances. However, in Huntington disease and 
myotonic dystrophy - the explanation turned out to 
be different; in both cases anticipation is real. Two 
lines of evidence have led to this conclusion: (a) re- 
cent statistical analysis, suggested in part by observa- 
tions in the mouse, has led to new and more specific 
insights, and (b) molecular analysis detected a novel 
type of mutation whose effects increased with pas- 
sage through succeeding generations. 

In Huntington disease, patients with early onset are 
more likely to have inherited their mutant genes 
from the father, whereas late onset is more commen 
when the gene comes from the mother. In myotonic 
dystrophy, on the other hand, cases of very early on- 
set are less rare; the babies have signs of the disease 
even at birth. This occurs (almost?) exclusively when 
the mothers are affected. 

Such differences have also been observed in some 
other monogenic diseases (Table 4.2). The phenom- 
enon is called “genomic imprinting.” The influence 
of maternal and paternal genomes on development 
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Fig. 4.17. Allelic modification. If manifestation of a dominant, 
abnormal gene A is modified by the normal allele, and if the 
allele a^ causes severe and a^ milder manifestation of A, there 
is a correlation in the degree of manifestation between af- 
fected sibs but not between affected parent and child. An af- 
fected child cannot receive the modifying a^ allele 



of the embryo differs from one another. Imprinting 
has also been shown for certain chromosomal aberra- 
tions such as the Prader-Willi and Angelman syn- 
dromes (Sect.2.2.2.3). This is discussed in greater de- 
tail in Sect. 8.2. 

The second insight that has contributed to explaining 
anticipation in Huntington disease and myotonic 
dystrophy is the molecular analysis of mutants. In 
Sect.3.1.3.8 the IT 15 gene and the mutations leading 
to Huntington disease were described: amplification 
of a (CAG)„ repeat beyond approx. 42 copies causes 
the disease. Moreover, these amplification products 
are unstable; the predominant tendency appears to 



Table 4.2. Dominant diseases in which parental origin influ- 
ences the disease (modified from Reik [53]) 



Disorder 


Chromosome 


Observations 


Huntington 

disease 


4 


Early onset frequently as- 
sociated with paternal 
transmission 


Spinocere- 
bellar ataxia 


6 


Early onset with paternal 
transmission 


Myotonic 

dystrophy 


19 


Congenital form almost 
exclusively with maternal 
transmission 


Neurofibro- 
matosis I 


17 


Increased severity with 
maternal transmission 


Neurofibro- 
matosis II 


22 


Earlier onset with maternal 
transmission 


Wilms 

tumor 


II 


Loss of maternal alleles in 
sporadic tumor 


Osteo- 

sarcoma 


13 


Loss of maternal alleles in 
sporadic tumors 
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be toward an increase in copy numbers by further 
rounds of amplification; a reduction in copy numbers 
may occur but is apparently rarer. Higher copy num- 
ber, on the other side, correlates with earlier onset: a 
convincing explanation for anticipation. 

In myotonic dystrophy an analogous explanation has 
been found [9, 18, 27]. Here an unstable, amplified se- 
quence was found in the 3' untranslated region of a 
gene whose product was predicted to be a member 
of a protein kinase gene family [9]. It is a (CTG)„ re- 
peat. In normal individuals between 5 and 27 units 
are found, but affected patients may have between 50 
and some 2000 repeats or even more. The repeat 
number tends to increase over the generations [27]; 
it is correlated with age at onset and severity of the 
disease, explaining anticipation. So far, however, no 
one knows how the phenomena of genomic imprint- 
ing are related to this type of mutation. 

The anticipation story is interesting from the point of 
view of science development. In the “Introduction” 
we mentioned Kuhn’s analysis [36]. Once a new para- 
digm has been established in the scientific commu- 
nity, scientists try to extend existing knowledge by 
using the theoretical concept on which the paradigm 
is founded. If data are found that apparently do not 
conform to theoretical prediction, this often does 
not induce them to abandon or even to modify their 
theory. Rather, they try every possibility to explain 
why and in what way the deviant data are wrong or 
misinterpreted. This is precisely what happened in 
myotonic dystrophy and Huntington disease. Facts 
were acknowledged only after (in the course of quite 
different studies) a modification of the basic theory 
had become necessary. 

Interestingly, some physicians were not fooled by this 
conformity of the profession. Fleischer [17], a well- 
known ophthalmologist interested in hereditary eye 
diseases proposed anticipation in a myotonic dystro- 
phy kindred in 1918. Klein [34] in 1958 regarded an- 
ticipation in this disease as real. We all should learn 
from this experience: we should keep our eyes open, 
take our observations seriously, and try not to argue 
them away when they seem to contradict our theore- 
tical preconceptions. 

4.1.8 Total Number of Conditions with Simple Modes 
of Inheritance Known So Far in Humans 

For many years McKusick [41] has undertaken the 
task of collecting and documenting known condi- 
tions with simple modes of inheritance in man. Ta- 
ble 4.3 is based on the 11th edition. Since the 3rd ad- 
dition was published (in 1971), the number of auto- 
somal-dominant traits (confirmed and unconfirmed) 
has increased from 943 to 4458, that of autosomal-re- 



Table 4.3. Number of known traits with simple modes of in- 
heritance in man (from McKusick 1994 [41]); OMIM update 
Febr. 1996 


Mode of inheritance 


Number of traits 




Total 


Auto s om al-dom 1 na nt 


4669 


Au to s om al-recessi ve 


2750 


X-linked 


443 



Total 7862 



cessive traits from 783 to 1730, and that of X-linked 
from 150 to 412. 

While genetic polymorphisms are included (Sect. 
12.1.2), most conditions listed in this register are 
rare. Many are rare hereditary diseases. At first 
glance the list is impressive. However, more detailed 
scrutiny of the conditions shows that our knowledge 
of these rare diseases is not nearly as good as it 
should and could be. There are several reasons: 

a) Most hereditary diseases have become known by 
occasional observation of affected patients and 
their families. With rare diseases there is no other 
way to assess whether they do or do not have a ge- 
netic basis. 

b) Some recessive diseases have become known be- 
cause they happened to be frequent in special po- 
pulations, primarily in isolates. Isolate studies 
permit examination of the manifestation of reces- 
sive diseases caused by a single mutation. One 
problem with this approach is that chance deter- 
mines which genes are studied. 

c) Most human and medical geneticists are working 
in relatively few industrialized countries. How- 
ever, genes for rare diseases show a very unequal 
distribution in different populations. This is parti- 
cularly true for recessives but has also been 
shown for dominants with normal or only slightly 
lowered biological fitness, i. e., when the incidence 
is not determined by the mutation rate. Hence the 
developing countries can be expected to abound 
with hereditary anomalies and diseases that are 
unclassified to date. Any medical geneticist who 
has ever walked through, say, an Indian village 
knows that this suggestion is not merely a theoret- 
ical speculation. 

d) Genetic defects with simple modes of inheritance 
have a good chance of being detected when they 
show a clearcut phenotype that is readily recog- 
nizable. This is why the inherited conditions of 
the skin and eye are relatively well known. Other 
defects, however, may cause anomalies or diseases 
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in some families that are precipitated by environ- 
mental factors. Most of such hidden defects are 
unknown at present. 

e) The real significance of hereditary disease and its 
total impact can be established only by studies in 
large populations, using epidemiological meth- 
ods. Such studies offer the opportunity to detect 
heterogeneity in etiology and to aid in distin- 
guishing genetic and nongenetic causes. They af- 
ford the only basis on which genetic parameters 
such as mutation rates, biological fitness, and the 
relative incidence of mild and severe mutations 
of the same gene can be established. They also 
help in predicting the long-term and public health 
effects of medical therapy and of genetic counsel- 
ing for future generations. Many epidemiological 
studies in human genetics were carried out in 
the 1940s and 1950s. A few institutes played a 
leading role - most notably Kemp’s Institute in 
Copenhagen. Here a genetic register of the Danish 
population was established, and on this basis stu- 
dies for several hereditary conditions were per- 
formed, such as achondroplasia (100800), poly- 
cystic kidneys (173900), limb malformations, and 
others. 

Other active groups operated in Northern Ireland and 
in Michigan in the United States. Studies on single 
groups of diseases were also undertaken in the United 
Kingdom, the United States, Sweden, Finland, Swit- 
zerland, and Germany. Judged by present standards, 
many studies were necessarily imperfect. However, 
much that we know about incidence, different genetic 
types, mutations rates, and biological fitness we owe 
to these studies. 

Difference in the Relative Frequencies of Dominant 
and Recessive Conditions in Humans and Animals? 
At first glance, there appears to be a difference be- 
tween humans and experimental animals in the rela- 
tive frequencies of dominant and recessive condi- 
tions. Of the better known mutants of Drosophila 
melanogaster 200 are recessive and only 13 (6.1%) 
dominant. In the chicken, 40 recessive and 28 domi- 
nant mutations have been reported. In the mouse 
only 17 of 74 mutants are dominant (23 %) and the 
rest recessive. In the rabbit 32 recessive and 6 domi- 
nant mutations have been found. (Instances of multi- 
ple allelism are counted as one gene locus.) In hu- 
mans, on the other hand, more dominant than reces- 
sive conditions are known. This discrepancy, how- 
ever, is likely to be caused by diagnostic bias. Our 
species observes itself most carefully; therefore, de- 
fects are detectable that would probably escape obser- 
vation when present in experimental animals. It 
would be difficult, for example, to detect brachy- 



dactyly in the mouse. This condition, however, leads 
to a much more severe defect when homozygous 
(Sect. 4.1.2). Hence such a defect, dominant in man, 
would be counted as recessive in the mouse. Another 
reason might be that the population of industrialized 
countries is not in equilibrium for recessive genes. 
The frequency of consanguineous matings has drop- 
ped sharply, and therefore the chance of a recessive 
gene meeting another mutation in the same gene 
and becoming homozygous is reduced. A new equili- 
brium will be reached only in the very distant future 
when recessive genes could become sufficiently fre- 
quent again (Sect. 13.1.1). In our opinion, there is no 
significant reason to assume that humans are unique 
in regard to the ratio of dominant and recessive mu- 
tations. 



4.1.9 Diseases Due to Mutations 
in the Mitochondrial Genome 

As shown in Sect. 3.4, the mitochondrial genome, 
mtDNA, consists of a ring-shaped chromosome with 
more than 16 000 bp. It encodes a small (12 S) and a 
large (16 S) rRNA, 22 tRNAs, and 13 polypeptides. All 
these polypeptides are subunits of the mitochondrial 
energy-generating pathway, oxidative phosphoryla- 
tion (OXPHOS). OXPHOS encompasses five multi- 
unit enzyme complexes, arrayed within the mito- 
chondrial inner membrane; most of the peptides ne- 
cessary for building these enzyme complexes are en- 
coded in nuclear genes. 

At fertilization the oocyte contains about 200000 
mtDNAs. Once fertilized, the nuclear DNA replicates 
and the oocyte cleaves, but the mtDNA does not re- 
plicate until after the blastocyst is formed. Since the 
blastocyst cells that are destined to become the em- 
bryo proper constitute only a small fraction of all 
blastocyst cells, and only a fraction of these cells en- 
ter the female germ line, few of the oocyte’s mtDNA 
molecules are found in the primordial germ cells. 
However, it is questionable whether this mechanism 
is sufficient for creating an mtDNA “population” in 
human cells that is as homogeneous, as is normally 
found, especially if we consider the fact that a single 
mitochondrium contains 5-10 mtDNA molecules. 
Most proteins necessary for development of the mito- 
chondria themselves are produced by nuclear genes. 
Therefore some of the diseases due to malfunction 
of mitochondria are caused by defects of such genes; 
they follow classical Mendelian modes of inheritance 
[67, 69]. On the other hand, diseases due to defects 
of genes in the mitochondrial genome are transmit- 
ted as the mitochondria themselves, i.e. from the 
mother to all children, irrespective of sex. However, 
considering the great number of mitochondria that a 
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Fig. 4.18. Human tDNA map showing locations of genes and 
mutations Definitions of gene symbols and mutations, exam- 
ple: MTTK^MERRF8344A.MTTK is the altered mtDNA (MT) 
gene for tRNA (Lys) (TK); Myoclonic epilepsy and Ragged 



Red Fiber disease (MFRRF) is the most characteristic clinical 
presentation, 8344 is the altered nucleotide, and A is the pa- 
thogenic base. (From Wallace 1994 [97]) 



oocyte contains, and the number of genomes per mi- 
tochondrium, it is not surprising that a child may in- 
herit from its mother more than one type of mito- 
chondrial genome; cells containing variable propor- 
tions of affected mitochondria are “heteroplasmic.” 
During further development, one genome may be- 
come more abundant; different cell lineages may 
even become “homoplasmic” for different mitochon- 
drial genomes. This may explain in part the enor- 
mous phenotypic variation between individuals with 
the same mitochondrial disease. A heteroplasmic 
mtDNA mutation may reduce the function of the 



gene-determined peptide. In most instances this is 
unimportant, but in a few cells the fraction of mito- 
chondria containing the mutant increases to the ex- 
tent that OXPHOS enzyme activity decreases until it 
falls below the cellular or tissue energetic threshold, 
i.e., the minimum activity necessary to sustain oxi- 
dative phosphorylation. 

Four categories of diseases due to mutations in the 
mitochondrial genome may be distinguished 
(Fig. 4.18) [69]. In the first we find missense muta- 
tions with relatively mild phenotypic effects. These 
are transmitted maternally and appear to be homo- 
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plasmic. The second category comprises deleterious 
point mutations. Of course they can be transmitted 
maternally only if they are heteroplasmic. The third 
category, deletion mutants, occur by new mutations 
during early development, and these are therefore 
heteroplasmic. In the fourth category of diseases, cer- 
tain mutations may be present that diminish OX- 
PHOS activity somewhat but at onset not sufficiently 
to cause functional damage. During life time, how- 
ever, additional random mutations accumulate in so- 
matic cells, reducing their OXPHOS capacity until 
the threshold is reached. Then a degenerative disease 
of advanced age such as Alzheimer or Parkinson dis- 
ease might ensue. 

Leber Optical Atrophy. An example of the first cate- 
gory is Leber optical atrophy, (308900) [67, 68]. In 
this disease, rapid vision loss occurs during young 
adult age; cardiac dysrhythmia is common. Variation 
in severity of the disease is strong; males are more 
often and on average more severely affected than fe- 
males; the proportion of transmitting females in the 
family is much larger than expected if the mutation 
were X-linked. Transmission, however, occurs exclu- 
sively through females [65]. Molecular analysis re- 
vealed a G — > A transition leading to an Arg ^ His 
replacement in the gene for the NADH subunit 4. 
The Arg residue must be important for function 
since it has been conserved in evolution from flagel- 
lates and fungi to humans. The mutation is homo- 
plasmic; hence the clinical variability as well as the 
sex difference must have other causes that are still 
unknown. Other mitochondrial mutations in closely 
related genes have occasionally been described 

[33]. 

Two diseases apparently belong to the second cate- 
gory - deleterious but heteroplasmic point mutations. 
In a large kindred, Leber’s disease was found to be as- 
sociated with infantile bilateral striatal necrosis. In 
this family four phenotypes were found: normal, Le- 
ber disease, striatal necrosis, and the combination of 
the two diseases. All members were related through 
the female line. Since careful analysis has shown no 
deletion, the disease appears to be due to a delete- 
rious but heteroplasmic point mutation. Depending 
on the preponderance of the aberrant mtDNA, the 
clinical signs vary [67]. The second disease of this 
class is one combining myoclonic epilepsy and mito- 
chondrial myopathy - both conditions with huge in- 
terindividual variation [13]. 

Deletions. The third category is that of sporadic and 
heteroplasmic deletions. These occur as somatic mu- 
tations; since all deletions in one individual are iden- 
tical, they must have arisen by clonal expansion of a 
single molecular event. Therefore a selective advan- 



tage of mutant cells has been suggested [67]. Figure 
4.19 shows such deletions. Clinical manifestations 
again depend on the distribution of mutant mito- 
chondria. A family has been described [79] in which 
multiple deletions of mtDNA behaved as one autoso- 
mal-dominant trait. The affected individuals suffered 
from progressive external ophthalmoplegia, progres- 
sive proximal weakness, bilateral cateract, and preco- 
cious death. 

Diseases of Advanced Age. The fourth category com- 
prises diseases of advanced age that have not found 
satisfactory explanations so far. In both Alzheimer 
and Parkinson diseases, for example, pedigrees have 
been observed in which relatively early onset in mid- 
dle age is combined with an autosomal-dominant 
mode of inheritance. In the majority of these cases, 
however, an accumulation of affected individuals 
within families is found but no combination of clear- 
cut Mendelian mode of inheritance with onset at 
more advanced age. Here, mildly to moderately dele- 
terious germ line mutations established in the distant 
past, and present in a certain proportion of the popu- 
lation in combination with somatic mutations occur- 
ring during lifetime of the individual, may lead to 
such degenerative diseases. For example, a homoplas- 
mic mutation among whites at nucleotide base pair 
4336 leading to a tRNA mutant has been observed in 
5% of Alzheimer and Parkinson disease mutations, 
but appears to be much rarer in the general popula- 
tion. It may contribute to the multifactorial origin of 
these diseases [61]. 

In general, mutations within the mitochondrial ge- 
nome affect mainly organ systems that depend on in- 
tact oxidation - central nervous system and muscles. 
Probably the number of known diseases due to muta- 
tions in the mitochondrial genome will increase in 
future (Table 4.4). 



4.2 Hardy-Weinberg Law and Its Applications 
4.2.1 Formal Basis 

So far the application of Mendel’s laws in man has 
been considered from the standpoint of the single fa- 
mily. What, however, are the consequences for the ge- 
netic composition of the population? The field of re- 
search that considers this problem is called popula- 
tion genetics (Chap. 12). Some basic concepts are in- 
troduced here. 

These concepts revolve around the so-called Hardy- 
Weinberg law, discovered by these two authors in- 
dependently in 1908 [26, 70]. In 1904 Pearson 
[48] - in the process of reconciling the consequen- 



148 Formal Genetics of Humans: Modes of Inheritance 




Fig. 4.19. Deletion map of human mtDNA. The inner circles 
show localization of genes and mutations. (See also 
Fig. 4.18). The arcs no. 1-23 show the mtDNA regions that 
were lost in various deletions. The open bars at the end of 
the arcs show regions of uncertainty. Deletion 1 was found 
in a patient with Myoclonic Epilepsy and Ragged Red Fibre 
Disease (MERRF) together with stroke-like symptoms. Dele- 
tions 2-23 were found in ocular myopathy patients with 
symptoms of varying severity. Deletion 10 was found in 



about one third of all ocular myopathy patients. The at the 
ends of deletion 10 represents the associated 13 base pairs di- 
rect repeat. The two partial mtDNA maps labeled “a” and “b” 
to the left of the function map indicate the regions that were 
tandemly duplicated in patients with ocular myopathy associ- 
ated with diabetes mellitus. The insertion sites around 
MTCYB (cytb) are indicated by arrows. (From Wallace 1989 
[96]) 
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Table 4.4. The Mitochondrial Chromosome (from McKusick [41]) 



Location (nt) 


Symbol 


Title 


MJMtt 


Disorder* 


577-647 


MTTF 


tRNA phenylalanine 


590070 




648-1601 


MTRNRl 


12s rRNA 


551000 


Deafness, aminoglycoside- induced, 580000 


1602-1670 


MTTV 


tRNA valine 


590 105 


1671-3229 


MTRNR2 


16S rRNA 


561010 


Cloramphenicol resistance, 515000 


3230-3304 


MTTLl 


tRNA leucine 1 (UUA/G) 


590050 


MEL AS syndrome, 540000^ MERRF syndrome, 
545 000 i Cardiomyopathy; Diabetes -deafness 
syndrome, 520000 


3307-4262 


MTNDl 


NADH dehydrogenase 1 


516000 


Leber optic atrophy, 535000 


4263-4331 


MTTI 


tRNA iso leu cine 


590045 


Cardiomyopathy 


4400-4329t 


MTTQ 


tRNA glutamine 


590030 


Cardiomyopathy 


4402-4469 


MTTM 


tRNA methionine 


590065 




4470-5511 


MTND2 


NADH dehydrogenase 2 


516001 


Leber optic atrophy, 535 000 


5512-5576 


MTTW 


tRNA tryptophan 


590095 


5655-5587t 


MTTA 


tRNA alanine 


590000 




5729-5657f 


MTTN 


tRNA asparagine 


590010 


Ophthalmoplegia, isolated 


5826-5761 t 


MTTC 


tRNA cysteine 


590020 


Ophthalmoplegia, isolated 


5891-5826+ 


MTTY 


tRNA tyrosine 


590100 


5904-7444 


MTCOl 


cytochrome c oxidase 1 


516030 




7516-7445+ 


MTTSl 


tRNA serine 1 (UCN) 


590080 




7518-7585 


MTTD 


tRNA aspartic acid 


590015 




7586-8262 


MTC02 


cytochrome c oxidase II 


516040 




8295-8364 


MTTK 


IRNA lysine 


590 060 


MERRF syndrome, 545000 


8366-8572 


MTATPS 


ATP synthase 8 


516070 


8527-9207 


MTATP6 


ATP synthase 6 


516060 


Leigh syndrome; NARP syndrome, 551 500 


9207-9990 


MTC03 


cytochrome c oxidase III 


516050 


Leber optic atrophy 535000 


9991-10058 


MTTG 


tRNA glycine 


590035 


10059-10404 


MTND3 


NADH dehydrogenase 3 


516002 


Leber optic atrophy, 535000 


10405-10469 


MTTR 


tRNA arginine 


590005 


Leber optic atrophy, 535000 


10470-10766 


MTND4L 


NADH dehydrogenase 4L 


516004 


10760-12137 


MTND4 


NADH dehydrogenase 4 


516003 


Leber optic atrophy, 535 000 


12138-12 206 


MTTH 


tRNA histidine 


590040 


12207-12 265 


MTTS2 


tRNA serine 2 (AGU/C) 


590085 




12 266-12336 


MTTL2 


tRNA leucine 2 (CUN) 


590055 




12337-14148 


MTND5 


NADH dehydrogenase 5 


516005 




14673-14149+ 


MTND6 


NADH dehydrogenase 6 


516006 


Leber optic atrophy, 535000 


14 742-14674+ 


MTTE 


tRNA glutamic acid 


590025 


14747-15887 


MTCYB 


cytochrome b 


516020 




15888-15953 


MTTT 


tRNA threonine 


590090 




16023-15955+ 


MTTP 


tRNA prolinc 


590075 





^ In addition to the disorders caused by point mutations in individual genes, deletions involving more than one mitochondrial 
gene have been identified in Pearson syndrome (557000), early-onset chronic diarrhea with villus atrophy (520100), and 
Kearns-Sayre syndrome (530 000), among others. 

t Transcribed from light chain (L) in opposite direction from all the other genes which are transcribed from the heavy chain 
(H). 



ces of Mendel’s laws for the population with bio- 
metric results - had already derived this law for 
the special case of equal gene frequencies of two al- 
leles. 

The law in its more general form may be formulated 
as follows: Let the gene frequencies of two alleles in 
a certain population be p for the allele A and q for 
the allele B; (p + q =1). Let mating and reproduction 
be random with respect to this gene locus. The gene 
frequencies then remain the same, and the genotypes 



AA, AB, and BB in the generation occur in the rela- 
tive frequencies p^ 2 pq, and q\ the terms of the bi- 
nomial expression (p q Y. In autosomal genes, and 
in the absence of disturbing influences, this propor- 
tion is maintained through all subsequent genera- 
tions. 

Derivations from the Hardy-Weinberg Law. We as- 
sume that at the beginning the proportions of geno- 
types AA, AB, and BB in the population of both males 
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and females are D, 2 H, and R, respectively. Symboli- 
cally, the distribution of genotypes in both sexes 
may be written as: 

D X AA + 2 H X AB + X BB (4.1) 

From this the distribution of mating types for ran- 
dom mating is obtained by formal squaring: 

(D X AA + 2 Hx AB + X BB)^ = D^xAAxAA 
+ 4 DH X AA X AB + 2 Di^ X AA X BB + 4 X 
ABxAB 

+ 4 X AB X BB + X BB X BB 

The distribution of genotypes in the offspring of the 
different mating types is: 

AA X AA AA 

AA X AB lAA + lAB 

AA X BB AB 

ABxAB iAA + iAB + jBB 

ABxBB lAB + ^BB 

BB X BB BB 

Inserting these distributions for the mating types 
into Eq. 4.1 yields the distribution of genotypes in 
the Fj generation: 

(D2 + 2 DH + H^)AA + (2 DH + 2 Di^ + 2 H' + 

2 HR )AB + (H^ + 2 Hi^ + R^)BB = p^AA + 2 p^AB 
-^q^BB 

where p = D + H, q = H + R are the frequencies of 
the alleles A and B, respectively, in the parental gen- 
eration. Thus, the distribution of genotypes in the 
offspring generation is uniquely determined by the 
gene frequencies in the parental population: 

D' = p^ 2H' = 2 pq, R' = q\ 

As: 

p' = D' -\- H' = p^ -\- pq = py 
q' = H' -h R' = pq + q^ = q, 

the gene frequencies in the F^ generation are equal to 
those in the parental generation. Thus, the genotype 
distribution in the next generation (F^) is also the 
same as in the F^ generation, and this holds true for 
all following generations. 

This means that in autosomal inheritance these pro- 
portions are expected in the first generation and are 
maintained in the following generations. For X-linked 
genes the situation is slightly more complicated 
(Sect. 12.1.1). At the same time, the concept of gene 
frequencies p q = 1 was created. 

The Hardy- Weinberg law can also be rephrased, indi- 
cating that random mating is equivalent to drawing 
random samples of size 2 from a pool of genes con- 
taining the two alleles A and a with relative frequen- 
cies p and q. One of the advantages of this law is 
that frequencies of genetic traits in different popula- 



tions can be expressed and compared in terms of 
gene frequencies. 

Apart from making it possible to simplify population 
descriptions, the Hardy- Weinberg law can also help 
to elucidate modes of inheritance in cases where the 
straightforward approach through family studies 
would be too difficult. The classic examples are the 
ABO blood types. 



4.2.2 Hardy-Weinberg Expectations Establish 

the Genetic Basis of ABO Blood Group Alleles 

Multiple Allelisms. So far, only two different alleles 
for each locus have been considered. Frequently, how- 
ever, more than two different states for one gene lo- 
cus, i.e., more than two alleles, are possible. Exam- 
ples of such “multiple allelism” in humans and ex- 
perimental animals abound. Two of the classics are 
the white series in Drosophila melanogaster and the 
albino series in rabbits. 

The formal characteristics can easily be derived: 

a) In any one individual a maximum of only two al- 
leles can be present (unless there are more than 
two homologous chromosomes, as in trisomics). 

b) Between these alleles, crossing over can be disre- 
garded as they are located at homologous loci. 
The qualifications of this second condition are 
dealt with in Sect. 3.5, in connection with modern 
concepts of the gene. Here the simplest formal 
model is described, using the ABO blood groups 
as an example. 

Genetics of the ABO Blood Groups. The ABO blood groups 
were discovered by Landsteiner in 1900 [37]. Compared to 
other blood group systems their most important property 
is the presence of isoantibodies that have led to frequent 
transfusion accidents. These accidents helped in the discov- 
ery of blood groups. The first relevant genetic theory was 
developed by von Dungern and Hirszfeld in 1911 [64]. To ex- 
plain the four phenotypes A, B, 0, and AB they assumed two 
independent pairs of alleles (A, 0; B, 0), with dominance of 
A and B. In 1925 Bernstein [7] tested this hypothesis using 
the Hardy-Weinberg expectations for the first time. He 
found their concept to be wrong and replaced it by the cor- 
rect explanation - three alleles with six genotypes, leading 
to the four phenotypes due to the dominance of A and B 
over 0. 

The most obvious method to discriminate between these two 
hypotheses is by family investigation. However, differences 
between them are to be expected only in matings in which 
at least one parent carries group AB (Table 4.5). The two-lo- 
cus hypothesis allows for o children while the three-allele hy- 
pothesis does not. Although AB is the rarest group, the early 
literature contained some reports of supposedly 0 children 
with AB parents; these children were either misclassified or 
illegitimate. Bernstein, however, was not misled by these ob- 
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Table 4.5. Comparison of the two theories for inheritance of 
ABO blood groups (adapted from Wiener 1943 [76]) 

Parents Children expected from the hypothesis of 





Two gene pairs 


Multiple alleles 


0x0 


0 


0 


OxA 


0, A 


0, A 


OXB 


0, B 


0, B 


Ax A 


0, A 


0, A 


AXB 


0, A, B, AB 


0, A, B, AB 


BxB 


0, B 


0, B 


Ox AB 


0, A, B, AB 


A,B 


A X AB 


0, A, B, AB 


A, B, AB 


BxAB 


0, A, B, AB 


A, B. AB 


ABX AB 


0, A, B, AB 


A, B, AB 



Table 4.6. Expectations from multiple allele hypothesis for 
the ABO system (from Bernstein 1925 [7]) 



Pheno- 

type 


Geno- 

type 


Frequency 




0 


a abb 


Cl “p)^(l = 


■q'^ 


B 


aaBB 

aaBb 


(l-p)^q^ 1 

2 Cl-pyq{\-q) 1 


= P'H1-Y) 


A 


A Abb 
Aabb 


1 

2p(l-p)(l-q)^ i 


II 

E 


AB 


AABB 

AaBB 

AABb 

AaBb 


pY 

2p(l -pY 
2pY* - ‘i) 

2 p 0 -p) 2 q{l-q) 


II 

1 

1 



servations. His argument goes as follows. It may be assumed 
that the two-gene pair theory is correct; p may be the gene 
frequency of A, 1- p = p' of a; q the frequency of B, 1 - 
q- q' oi b. The frequencies to be expected in the population 
are presented in Table 4.6. 

This leads to the following relationships (A, B: frequencies of 
phenotypes): 

0 X AB = A X B 

and 

A -H AB = 1 B + AB = 1 - 

Thus, it follows: 

(A + AB) X (B + AB) == AB 

These identities can be tested. It turned out - and has turned 
out ever since - that (A + AB) x (B + AB) > AB, and 
0 X AB < A + B. The differences are so large - and so consis- 
tent - that an explanation by chance deviations is inade- 
quate. The first alternative possibility considered by Bern- 
stein was heterogeneity within the examined population. 
This explanation, however, proved insufficient. On the other 



hand, it could be shown that the distributions in all popula- 
tions for which data were available are in perfect agreement 
with expectations derived from the multiple-allele hypoth- 
esis. 

To understand Bernstein’s argument a fresh look at the 
Hardy- Weinberg law is necessary. Up to now it has been de- 
rived here for the special case of two alleles only. However, 
it can also be shown to apply for more than two alleles. As- 
suming n alleles pp p^y . . . , ibe relative frequencies of 
genotypes are given by the terms of the expansion of 
(pi -H p2 + • • • Pn)^- follows for the special case of A, B, and 
0 with the frequencies p, q, and r that the distribution of 
genotypes is: 

p\AA) + 2pq(AB) + 2 pr(AO) + ^^(BB) + 2 pr(B0) -h r^(BO). 

Now, we follow Bernstein again (our translation): “for the 
classes” (phenotypes): 

0 = 00 B = BO -H BB A = AO + AA AB = AB 



the following probabilities can be derived: 

2 qr -\- q^ 2 pr + p^ 2 pq 

It follows: 

0 + A = {r + py 
0 + B = {r + qy 

and therefore: 

q=l- VO + A 

q= l-Vo + B 

q = l-V 5 

and the relation: 

l=p + q + r= l- a/O-hB 

+ 1 - VoTa + Vo 



This can be tested using the ABO phenotype distributions in 
various populations of the world. The criterion is that the 
gene frequencies calculated with this formula must add to 1. 
In addition, expected genotype frequencies can be calculated 
from these gene frequencies and can be compared with ob- 
served frequencies. Apart from the correctness of the genetic 
hypothesis, however, this result requires still another condi- 
tion. There must be random mating with regard to this char- 
acteristic. 

In the data analyzed by Bernstein the agreement already was 
excellent, and this has proven to hold true for the huge 
amount of data collected ever since. One example may help 
in understanding the principle of calculation. The following 
phenotype frequencies were reported from the city of Berlin 
(n = 21104): 43.23% A (11 = 9123), 14.15% B (12 = 2987), 
36.60% 0 (n = 7725), and 6.01% AB (12 = 1269). 

Using Bernstein’s formula, the gene frequencies are: 

p = 1 - V(0.3660 + 0.1415) = 0.2876 

q=l- V(0.3600 + 0.4323) = 0.1065 



r = VO.3660 



0.6050 

0.9991 



Thus: 



p T q-\- r = 0.9991 
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At first glance, this result agrees well with the expectation, 
i.e., 1. As a statistical test for examining whether the devia- 
tion is significant, the method can be applied [59]: 

D=l-(p + q + r) 

In our example, the result is: 

z 5 = 0.88 

This confirms that the values found are in good agreement 
with the genetic hypothesis and with the assumptions of ran- 
dom mating for the ABO system. 

In a later paper Bernstein showed how the difference D may 
be utilized to correct the calculated gene frequencies. The un- 
corrected gene frequencies may be named p', q\ and r', and 
the following formulas may be used: 

p=p'(l +D/2) 
q = q' (I -H D/2) 
r = (/ + DI2)(l + DI2) 

and for the example: 

p = 0.2876(1 + 0.00045) = 0.2877 
q = 0.1065(1 + 0.00045) = 0.1065 
r = (0.6050 - 0.00045)(1 + 0.00045) = 0.6057 

In the process of testing the two genetic hypotheses for the 
ABO system Bernstein developed a method for calculating 
gene frequencies. Such methods have become important 
practically and are therefore treated in a separate section 
(Appendix 1). 

Meaning of a Hardy-Weinberg Equilibrium. Popula- 
tions showing agreement of the observed genotype 
proportions with the expectations of the Hardy- 
Weinberg Law are said to be “in Hardy-Weinberg 
equilibrium.” This equilibrium must be distinguished 
from that between alleles, which is discussed in the 
contexts of selection (Sect. 12.2.1) and of mutation 
(Sect. 9.3.1). The Hardy-Weinberg equilibrium is an 
equilibrium of the distribution of genes in the popu- 
lation (“gene pool”) among the various genotypes. 
Under random mating this equilibrium is reestab- 
lished after one generation, possibly with changed 
gene frequencies if it is disturbed by opposing for- 
ces. 

It follows from our discussion, however, that the 
Hardy-Weinberg law can be expected to be valid 
only when the following prerequisites are not vio- 
lated: 

a) The matings must be random with respect to the 
genotype in question. This can safely be assumed 
for such traits as blood groups or enzyme poly- 
morphisms. It cannot be assumed for visible 
characteristics such as stature, and still less for 
behavioral characteristics such as intelligence. 
This should be kept in mind when measures 
used in quantitative genetics, (for example, corre- 



lations between relatives), are interpreted in ge- 
netic terms. 

b) A deviation from random mating is caused by 
consanguineous matings. If the consanguinity 
rate in a population is high, an increase in the 
number of homozygotes must be expected 
(Sect. 13.1.1). It is even possible to estimate the fre- 
quency of consanguinity in a population by means 
of the deviations from the Hardy-Weinberg pro- 
portions. 

c) Recent migrations might disturb the Hardy-Wein- 
berg proportions. 

d) Occasionally selection is mentioned as a factor 
leading to deviations. This may be true but need 
not necessarily apply. As a rule, selection tends to 
cause changes in gene frequencies; selection be- 
fore reproductive age, for example, in the prenatal 
period, or during childhood and youth, does not 
influence the Hardy-Weinberg proportions in the 
next generation at all. If genotypes are tested 
among adults in a situation in which a certain 
genotype had been selected against in children, 
this genotype is found to decrease in frequency. 
Even assuming appreciable selection in a suitable 
age group, ascertainment of statistically signifi- 
cant deviations from Hardy-Weinberg proportions 
requires large sample sizes - larger than are 
usually available. Sometimes the absence of signif- 
icant selection is inferred from the observation 
that Hardy-Weinberg proportions are preserved 
in a population. This conclusion, however, unless 
carefully qualified may easily be wrong. Consider- 
ing all the theoretical possibilities for disturbance, 
it is indeed amazing how frequently the Hardy- 
Weinberg proportions are found to be preserved 
in the human population. 

e) Formally, a deviation from the Hardy-Weinberg 
law may be observed if the population is a mix- 
ture of subpopulations that do not completely 
interbreed (random mating only within subpo- 
pulations), and consequently the gene frequen- 
cies in these subpopulations differ. This was 
first described by Wahlund in 1928 [66], who 
gave a formula for calculating the coefficient F 
of the apparent inbreeding from the variance of 
the gene frequencies between the subpopula- 
tions. 

f) Another cause of deviation may be the existence 
of a hitherto undetected (“silent”) allele, a hetero- 
zygous carrier of which cannot be distinguished 
from a homozygous carrier of the usual allele. 
C. A. B. Smith (1970) [56], however, has pointed 
out that a silent allele causes a significant devia- 
tion from the Hardy-Weinberg law only when it 
occurs at a sufficiently high frequency for the 
homozygote to be detected. 
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4.2.3 Gene Frequencies 

One Gene Pair: Only Two Phenotypes Known. In rare 
autosomal-recessive diseases only one gene pair is pre- 
sent, and only two phenotypes are usually known when 
the heterozygotes cannot be identified, or, as is usually 
the case, when direct data on population frequencies 
of heterozygotes are not available. This also applies for 
blood group systems for which only one type of anti- 
serum is available. Here the frequency of homozygotes 
aa being the gene frequency is simply There 
is no way to test the assumption of random mating. 
Table 4.7 [97] is slightly oversimplified; some of the 
frequencies given vary in different populations 
(Sect. 12.1). However, the data point out how much 
more frequent the heterozygotes are, especially for 
rare conditions. This is important for genetic coun- 
seling, and for the much-discussed problem of the 
number of lethal or detrimental genes for which the 
average human being might be heterozygous 
(Sect. 13.1.2). Methods for the calculation of gene fre- 
quencies are given in Appendix 1. 

4.3 Statistical Methods in Formal Genetics: 
Analysis of Segregation Ratios 

4.3.1 Segregation Ratios as Probabilities 

During meiosis - and in the absence of disturbances 
- germ cells are formed in exactly the relative fre- 
quencies expected from MendeTs laws. A diploid 



spermatocyte heterozygous for alleles A and a produ- 
ces two haploid sperms with A, and two with a. If all 
the sperms of a given male come to fertilization, and 
none of the zygotes die before birth, the segregation 
ratio among his offspring would be exactly 1 : 1. There 
would be no place for any statistics. 

Organisms in which such an analysis is indeed possi- 
ble are yeast and the bread mould Neurospora crassa, 
which has become important in biochemical genetics. 
In the development of such an organism, there is a 
phase in which the diploid state has just been reduced 
to the haploid, and all four meiotic products lie in a 
regular sequence. They can be removed separately, 
grown, and examined (“tetrad analysis”)- Expected 
segregation ratios are found with precision. 

In higher plants and animals, including humans, only 
a minute sample of all germ cells comes to fertiliza- 
tion. In the human female about 6.8 x 10^ oogonia 
are formed; the number of spermatogonial stem cells 
in the male is estimated at about 1.2 x 10^ (Sect. 
9.3.3); the actual number of sperm is a multiple of 
this figure. Hence any given germ cell has a very 
small probability of coming to fertilization. In addi- 
tion, the sampling process is usually random with re- 
spect to a given gene pair A,a. This means that for the 
distribution of genotypes among germ cells coming 
to fertilization the rules of probability theory apply, 
and empirically found segregation ratios may show 
deviations from their statistical expectations. 

Modern humans are fairly accustomed to thinking in 
statistical terms when solving daily problems. These 
experiences help us to understand simple applica- 
tions of probability theory. Everyone, for example. 



Table 4.7. Differing homozygote and heterozygote frequencies for different gene frequencies (with examples of recessive condi- 
tions; adapted from Lenz 1983 [40]) 



Homozygote 

frequency 


Gene 

frequency q 


Heterozygote 
frequency 2pq 


Approximate homozygote frequencies in European populations 


0.64 


0.8 


0.32 


Lp(a-) lipoprotein variant 


0.49 


0.7 


0.42 


Acetyl transferase, “slow'" variant (Sect 7,5.1) 


0.36 


0.6 


0.48 


Blood group 0 


0.25 


0.5 


0.50 


Nonsecretor (se/se) 


0.16 


0.4 


0.48 


Rh negative (dd) 


0.09 


0.3 


0.42 


Lactose restriction (northwestern Germany) 


0.04 


0.2 


0.32 


Le(a-b-) negative 


0.01 


0,1 


0.18 


/5-Thalessemia (Cyprus) 


1:2500 


1:50 


1:25 


Pseudo cholinesterase (dibucaine-resistant variant), cystic fibrosis; 
a , -antitrypsin deficiency 


1:4900 


1:70 


1:35 


Adrenogenital syndrome (Canton Zurich) 


1:10000 


1:100 


1:50 


Phenylketonuria (Switzerland; USA) 


1:22500 


1 : 150 


1:75 


Albinism; adrenogenital syndrome with loss of NaCl 


1:40000 


1:200 


1:100 


Cystinosis 


1:90000 


1:300 


1:150 


Mucopolysaccharidosis type 1 


1:1000000 


1 : 1000 


1:500 


Afibrinogenemia 
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readily recognizes that the following rationale is 
wrong. 

A young mother had always wished to have four children. 
After the third, however, there was a long pause. The grand- 
mother asked her daughter whether she had now decided dif- 
ferently. Answered the daughter: “Yes, in principle, I would 
still like four children. But I read in the newspaper that every 
fourth child born is Chinese. And a Chinese child . . . there I 
am reluctant.” 

In another example, the mistake is less obvious. The parents 
of two albino children visit a physician for genetic counsel- 
ing. They wish to know the risk of a third child also being al- 
bino. The physician knows that albinism is an autosomal-re- 
cessive condition, with an expected segregation ratio of 1:3 
among children of heterozygous parents. He also knows that 
sibships in which all sibs are affected are very rare. Hence, 
he informs the parents: “As you already have two affected 
children, the chance that the third child will also be affected 
is very small. The next child should be healthy.” The actual 
risk, of course, remains 25 % (Sect. 4 . 3 . 2 ). 

At textbook on human genetics cannot teach prob- 
ability theory and basic statistics. Therefore, it is as- 
sumed that the reader has some knowledge of the ba- 
sic concepts of probability theory, that he knows the 
most important distributions (binomial, normal, and 
Poisson distribution), and has some idea of standard 
statistical methods. The following presents some ap- 
plications to problems in human genetics. We are 
aware of the danger that this section may be used as 
a “cookbook,” without understanding of the basic 
principles and recommend that the reader become fa- 
miliar with these principles, for example, in the open- 
ing chapters of Feller’s Probability Theory and Its Ap- 
plications [16]. 



4.3.2 Simple Probability Problems 
in Human Genetics 

Independent Sampling and Prediction in Genetic 
Counseling. The physician who gave the wrong genet- 
ic counsel to the couple with two albino children, did 
not take into account that the fertilization events lead- 
ing to the three children are independent of each 
other, and that each child has the probability of V4 to 
be affected, regardless of the genotypes of any other 
children. The probabilities for each child must be 
multiplied. He was right when he said that illness of 
all three children is rare in a recessive condition: The 
probability is (V^)^ = for all three children to be af- 
fected; the family to be counseled however, already 
had two such children and the probability of this oc- 
curring was only (V^)^ = It takes only one event 
with the probability to complete the three-child fa- 
mily with albinism, It is also intuitively 



obvious that there is no way for a given zygote to in- 
fluence the sampling of gametes of the same parents 
many years later. Chance has no memory! 

All possible combinations of affected and unaffected 
siblings in three-child families can be enumerated as 
follows (A = affected; U = unaffected): 

UUU, AUU, UAU, AAU, UUA, ALA, [/AA, AAA 

In recessive inheritance, the event U has the probabil- 
ity V4. Thus, the first of the eight combinations 
(UUU) has the probability = ^7^4. This means 
that of all heterozygous couples having three children 
^^64, or fewer than 50% have only healthy children. 
On the other hand, all three children are affected in 
(74)^ = V64 of all such families. There remain the in- 
termediate groups. Three-child families with one af- 
fected child and two healthy ones in that order ob- 
viously have the probability V4 x V4 x How- 

ever, we are not particularly interested in the 
sequence of healthy and affected children. There- 
fore the three cases of such families, UUA, UAU, 
and AUU, can be treated as equivalent, giving 
3 X 9/^4 = ^754. The group with two affected can be 
treated accordingly, giving 3 x V4 x V4 x V4 = As 
a control, let us consider whether the various prob- 
abilities add up to 1: 

27-H27-h9 + l _ ^ 

64 

This is a special case of the binomial distribution. 
There are two consequences for Mendelian segrega- 
tion ratios one theoretical, the other extremely prac- 
tical. First, it follows that among all families for 
which a certain segregation ratio must be expected, 
an appreciable percentage - 27 of 64 in a three-child 
family with recessive inheritance - cannot be ob- 
served because chance has favored them by not pro- 
ducing any affected homozygotes. Hence, the segre- 
gation ratio in the remainder is systematically distor- 
ted. Special methods have been devised to correct for 
this “ascertainment bias” (Sect. 4.3.4). Secondly, and 
this is a most practical conclusion, with limitation of 
the number of children to two or three, most parents 
both of whom are heterozygous for a recessive dis- 
ease will not have more than one affected child. Since 
the probability of affected children occurring in an- 
other branch of the family is very low - and the rate 
of consanguinity in current populations of industri- 
alized countries has likewise decreased - almost all 
affected children represent sporadic cases in an 
otherwise healthy family; there is no distinct sign of 
recessive inheritance. Any subsequent child, however, 
again runs the risk of V4. The layman usually does 
not know that the condition is inherited. Therefore, 
genetic counseling must be actively offered to these 
families. 
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Differentiation Between Different Modes of Inheri- 
tance. In Sect. 4.1.4, an X-linked dominant pedigree 
is shown (Fig. 4.13) for vitamin D resistant rickets 
and hypophosphatemia. What is the probability of 
such pedigree structure if the gene is in fact located 
on one autosome? Only the children of affected 
males are informative because among children of af- 
fected women a 1:1 segregation irrespective of sex 
must be expected. The seven affected fathers have 
11 daughters, all of whom are affected. The probabil- 
ity of this outcome with autosomal inheritance is 
(72)“. The same fathers have 10 sons who are all heal- 
thy, giving a probability of Hence, the com- 

bined probability of 11 affected daughters and 10 heal- 
thy sons is: 

(1/ )2i ^ I 

^ 2 097152 



This probability is so tiny that the alternative hypoth- 
esis of an autosomal- dominant mode of inheritance 
is convincingly rejected. The only reasonable alterna- 
tive is the X-linked dominant mode. This hypothesis 
is corroborated independently by the observation 
(Sec.4.1.4.4) that on average male patients are more 
severely affected than female. 

This is different for a rare skin disease (Brauer kera- 
toma dissipatum). For this condition a Y-chromoso- 
mal mode of inheritance has been considered - and 
indeed all nine sons of affected fathers in a published 
pedigree show the trait, whereas five daughters in 
both generations are unaffected. This gives: 



ci2yxci2y = ci2y^= 



1 

16 384 



Hence, the probability of this pedigree having occur- 
red by chance as an autosomal-dominant trait is 
very low indeed. There is an important difference, 
however, from the example of vitamin D resistant 
rickets. Other pedigrees showing autosomal-domi- 
nant inheritance are unknown for this type of rickets, 
and all observations confirm the location of this gene 
on the X chromosome. For Brauer keratoma dissipa- 
tum, on the other hand, some families have been ob- 
served exhibiting very similar phenotypes that show 
clearcut autosomal-dominant inheritance. It is there- 
fore likely that the described pedigree has been se- 
lected from an unknown number of observations be- 
cause of its peculiar transmission. The calculation is 
misleading as the “universe” from which this sample 
of observations was drawn (all pedigrees with the 
same phenotype) is much larger (and ill-defined), 
and the sample (the pedigree) is biased. The trait 
seems to be autosomal-dominant. 

Another, more obvious example of an error in the de- 
finition of the sample space is the mother, above, who 
did not want a Chinese baby. 



4.3.3 Testing for Segregation Ratios Without 

Ascertainment Bias: Codominant Inheritance 



Apart from these limiting cases, calculation of exact probabil- 
ities for certain families or groups of families is usually im- 
practicable. Therefore statistical methods are used that are ei- 
ther based on the parameters of the “normal” distribution, 
which is a good approximation of the binomial distribution 
(parametric tests), or derive directly from probabilistic rea- 
soning (nonparametric tests). One method that is especially 
well suited for genetic comparisons is the test. This enables 
us to compare frequencies of observations in two or more dis- 
crete classes with their expectations. The most usual form is: 



(E = expected number; 0 = observed number). In Farabee’s 
pedigree with dominant inheritance (Sect. 4.1.2), there are 36 
affected and 33 unaffected children of affected parents. With 
dominant inheritance, E is 7^ of all children, i. e., 34.5: 

,_ (36-34.5 )^ _ ( 33 - 34 . 5 f ^ 

34.5 34.5 



The probability p for an equal or greater deviation from ex- 
pectation can be taken from a table for 1 degree of free- 
dom. The number of degrees of freedom indicates in how 
many different ways the frequencies in the different classes 
can be changed without altering the total number of observa- 
tions. In this case the content of class 2, unaffected, is unequi- 
vocally fixed by the content of class 1. Therefore, the number 
of degrees of freedom is 1. In general the number of degrees 
of freedom is equal to the number of classes less 1. 

A second example is taken from the codominant mode of in- 
heritance (Sect. 4.1.2). Table 4.1 summarizes Wiener’s family 
data for the MN blood types. Are the resultant segregation 
ratios compatible with the genetic hypothesis? For this pro- 
blem, matings MM x MM, MM x NN, and NN x NN give no 
information. Expectations in the matings MM x MN and 
NN X MN are 1:1, in the mating MN x MN 1:2:1. This leads 
to Table 4.8 for the test: For 4 degrees of freedom we find 
in the x^ table: p = 0.75. This is very good agreement with 
expectation. 



Dominance. The situation becomes slightly more complicated 
when one allele is dominant and the other recessive. This is 
the case, for example, in the ABO blood group system. Here, 
the phenotype A consists of the genotypes AA and AO. The ex- 
pected segregation ratios among their offsprings differ. Some 
of the heterozygous parents AO can be recognized, for example, 
in matings with 0 partners by the finding of 0 children. Others 
have only A children just by chance. Special statistical methods 
are necessary to calculate correct expectations and to compare 
empirical observations with these expectations [55 a]. 



4.3.4 Testing for Segregation Ratios: Rare Traits 

Principal Biases. If the condition under examination 
is rare, families are usually not ascertained at ran- 
dom; one starts with a “proband” or “propositus,” 
i. e., a person showing the condition. This leads to 
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Table 4.8. Comparison between expected and observed segregation figures in the MN data of Wiener et al. (1953) Table 4.1 [77] 



Mating type 


MM 


MN 


m 




Degrees of freedom 


MM X MN 


(499 - 486)^ 
486 


(473 - 486)^ 
486 


- 


0.6955 


1 


MNxMN 


(199 - 200)^ 
200 


(405 - 400)^ 
400 


(196-200)^ 

206 


0.1475 


2 


MN X NN 


- 


(411 -396,5)^ 
396.5 


(382 - 396.5)^ 
396,5 


L0605 


1 



an ascertainment bias, which must be corrected. The 
bias can be of different kinds, depending on the way 
in which the patients have been ascertained. 

a) Family or truncate selection. All individuals suf- 
fering from a specific disease in a certain popula- 
tion at a certain time (or within certain time lim- 
its) are ascertained. The individual patients are 
ascertained independently of each other, i.e., the 
second case in a sibship would always have been 
found. Such truncate ascertainment is possible, 
for example, if the condition always leads to med- 
ical treatment, and all physicians report every case 
to a certain registry - as when an institute carries 
out an epidemiological study. As a rule, case col- 
lections approaching completeness are possible 
only in ad hoc studies of research workers special- 
izing in a condition or group of conditions. 

Here, the ascertainment bias is caused exclusively 
by the fact that only those sibships are ascertained 
that contain at least one patient. As noted above, 
however, (Sect. 4.3.3), this leaves out all sibships 
in which no affected individual has occurred just 
by chance. Their expected number is: 

(4-2) 

s 

(s = number of siblings/sibship; p = segregation 
ratio; q = 1- p; n^ = number of sibships of size s). 
In recessive disorders, p = 0.25. The smaller the 
average sibship size, the stronger is the deviation 
from the 3 : 1 ratio in the ascertained families. 

b) Incomplete multiple (proband) selection; single 
selection as limiting case. It is rare that all indivi- 
duals in a population are ascertained; frequently 
a study starts, for example, with all patients in a 
hospital population who have a certain condition. 
Here an additional bias must be considered: the 
more affected members a sibship has, the higher 
is its chance to be represented in the sample. 
This bias causes a systematic excess of affected 
persons, which is added to the excess caused by 
truncate selection as explained above. 



Roller (1940) [35] gave a simple example that de- 
monstrates the nature of this excess. Let us as- 
sume that the probands are ascertained during 
examination of only a single year’s group of con- 
scripts. The population comprises a number of 
families with three children, at least one of 
whom has the disease, and one of whom is a 
member of the current year’s group. Ascertain- 
ment of the family depends on the presence of 
an affected child in the one year group examined. 
Thus, all families with three affected siblings but 
only two -thirds of the families with two affected 
and one-third of those with only one affected are 
ascertained. 

The methods of correction described below are 
reliable only if the probability for ascertainment 
of consecutive siblings is independent of the as- 
certainment of the first one. In an examination of 
conscripts, as described above, this may be the 
case. Most studies, however, begin with a hospital 
population or some other group of medically trea- 
ted persons. Here, according to general experi- 
ence, subsequently affected children are much 
more frequently brought to a hospital when an- 
other child has been treated successfully. The op- 
posite trend, however, is also possible. Becker 
(1953) [2], for example, collected all cases of X- 
linked recessive Duchenne’s muscular dystrophy 
in a restricted area of southwestern Germany. He 
had good reason to think that ascertainment was 
complete for this area. Nevertheless, brothers de- 
veloping muscular dystrophy as the second or la- 
ter cases in their sibships were generally not as- 
certained as probands (i.e., through hospitals 
and physicians) but through the first proband in 
the family. In his interviews with the parents 
Becker found the reason. In the case of the first 
patient in the sibship the parents usually consult- 
ed a physician. Then, however, they discovered 
that in spite of examinations and therapeutic at- 
tempts, the course of the disease could not be in- 
fluenced. Hence they refrained from presenting a 
second child to the hospital or the physician. 



Statistical Methods in Formal Genetics: Analysis of Segregation Ratios 157 



c) Apart from these biases, which can be statistically 
corrected to a certain degree, there are other bi- 
ases that cannot be corrected. Frequently, for ex- 
ample, a genetic hypothesis is discussed on the 
basis of families sampled from the literature. Ex- 
perience shows that such sampling usually leads 
to reasonable results in autosomal- dominant and 
X-linked recessive disorders. Autosomal-recessive 
diseases, however, are more difficult to handle. 
Families with an impressive accumulation of af- 
fected sibs have a higher chance of being reported 
than those with only one or two affected mem- 
bers. This selection for “interesting” cases was 
more important early in the twentieth century be- 
cause families generally had more children. Fur- 
thermore, recessive conditions discovered today 
are usually interesting from a clinical and bio- 
chemical point of view as well. 

These biases can be avoided only by publishing all 
cases and by critical interpretation of data from the 
literature. A statistically sound correction is impossi- 
ble, as such bias has no simple and reproducible di- 
rection. 

To summarize, the method of segregation analysis 
depends on the way in which families are ascertained. 
It follows that the method of ascertainment should al- 
ways be described carefully. Above all, the probands 
should always be fully indicated. It is also of interest 
whether the author during his case collection has be- 
come aware of any ascertainment biases. 

These considerations show that complete (truncate) 
ascertainment of cases in a population, and within 
defined time limits, is the optimal method of data 
collection. 

Methods for Correcting Bias. Two different types of 
correction are possible: test methods and estimation 
methods. 

In a test method the observed values are compared 
with the expected values, which have been corrected 
for ascertainment bias. The first such test method 
was published by Bernstein in 1929, cf. [35]; it correc- 
ted for truncate selection. The expected number of 
affected is: 




in all sibships of size n (definition of symbols as in 
Eq.4.2). A similar test method can also be used for 
proband selection. 

Test methods answer a specific question: do the ob- 
served proportions fit the expected values according 
to a certain genetic hypothesis? 

In many if not in most actual cases, the question is 
more general: What is the unbiased segregation ratio 



in the observed sibships? This is an estimation pro- 
blem. The earliest method was published in 1912 by 
Weinberg [71] and was called the sib method. Starting 
from every affected sib in the sibship, the number of 
affected and unaffected among the sibs is deter- 
mined. This method is adequate for “truncate selec- 
tion,” i. e., when each affected person is, at the same 
time, a proband. The sib method is the limiting case 
of the “proband method” used when the families are 
ascertained by incomplete multiple proband selec- 
tion. The number of affected and unaffected siblings 
is counted, starting from every proband. A limiting 
case is single selection. Here each sibship has only 
one proband, and the counting is done once among 
the sibs. 

These estimates converge with increasing sample size 
to the parameter p, the true segregation ratio; they 
are consistent. It was realized early, however, that 
they are not fully efficient, except for the limiting 
case of single selection, i. e., they do not make opti- 
mal use of all available information. Therefore im- 
provements have been devised by a number of au- 
thors. Today such simple methods are no longer 
used. Moreover, the problems to be solved by segre- 
gation analysis are usually more complex. For exam- 
ple, the families to be analyzed may be a mixture of 
genetic types with various modes of inheritance; 
there may be admixture of “sporadic” cases, due ei- 
ther to new mutation or to environmental factors; 
penetrance may be incomplete, or the simple model 
of a monogenic mode of inheritance may be inade- 
quate for explaining familial aggregation, and a mul- 
tifactorial genetic model must be used (for the con- 
ceptual basis of such multifactorial models, see 
Chap. 6). Computer programs are now available for 
carrying out such analyses; they are available either 
from their authors’ institutions or through an inter- 
national network of program packages (Internet). 
Some of these also offer programs for comparing pre- 
dictions from various genetic models. For details see 
Appendix 3. 

4.3.5 Discrimination of Genetic Entities: 

Genetic Heterogeneity 

It is a common experience in clinical genetics that 
similar or identical phenotypes are caused by a vari- 
ety of genotypes. The splitting of a group of patients 
with a given disease into smaller but genetically 
more uniform subgroups has been a major topic of 
research in medical genetics over recent decades. Fre- 
quently such heterogeneity analysis is another aspect 
of the application of Mendel’s paradigm (Sect. 6.1.1. 6) 
and its consequences: carrying genetic analysis 
through different levels ever closer to gene action. 
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It appears at first glance that with modern biological 
methods discrimination of genetic entities on de- 
scriptive grounds, i.e., on the level of the clinical 
phenotype, would no longer hold interest. In our 
opinion, however, knowledge of the phenotypic 
variability of genetic disease in humans is needed 
for many reasons: 

a) Such knowledge provides heuristic hypotheses for 
systematic application of the more penetrating 
methods from biochemistry, molecular biology, 
immunology, micromorphology, and other fields. 

b) Treatment will often depend upon manipulation 
of gene disordered biochemistry and pathophy- 
siology of a given disease. 

c) We require insight into the genetic burden of the 
human population. 

d) Better data are needed for many of our attempts to 
understand the problems of spontaneous and in- 
duced mutation. 

Genetic Analysis of Muscular Dystrophy as an Exam- 
ple. One group of diseases in which analysis using 
the clinical phenotype together with the mode of in- 
heritance proved to be successful are the muscular 
dystrophies. These conditions have in common a ten- 
dency to slow muscular degeneration, incapacitating 
affected patients who often ultimately die from re- 
spiratory failure. There are major differences in age 
at onset, location of the first signs of muscular weak- 
ness, progression of clinical symptoms, and mode of 
inheritance. These criteria were used by medical ge- 
neticists to arrive at the following classification of 
muscular dystrophies: 

I. X-linked muscular dystrophies 

1. Severe type (Duchenne) (310200) 

2. Juvenile or benign type (Becker; 310 100) 

3. Benign type with early contracture 
(Cestan-Lejonne and Emery-Dreifuss; 310300) 

4. Hemizygous lethal type 
(Henson-Muller-de Myer; 309950) 

II. Autosomal-dominant dystrophy 
Facio-scapulo-humeral type 

(Erb-Landouzy-Dejerine; 158900) 

III. Autosomal-recessive muscular dystrophies 

1. Infantile type 

2. Juvenile type 

3. Adult type 

4. Shoulder girdle type 

This classification is based on many reports from 
various populations and, for the rarer variants, on re- 
ports of pedigrees. It does not include pedigrees in 
which affected members showed involvement only of 
restricted parts of the muscular system, such as distal 
and ocular types. Congenital myopathies were also 



excluded. The main criteria for discrimination are 
obvious from the descriptive terms used in the tabu- 
lation; for details, see Becker [3]. At present, various 
mutations of the X-linked dystrophin gene are known 
at the molecular level which lead to the Duchenne 
and Becker types (Sect. 9.4). The gene for Emery- 
Dreyfus disease has been localized to distal Xqz8; 
this gene and the others are still awaiting molecular 
characterization. 

Multivariate Statistics. The critical human mind is an 
excellent discriminator. However, statistical methods 
for identifying subgroups within a population on the 
basis of multiple characteristics are now available 
(multivariate statistics). Such methods can also be 
applied to the problem of making discrimination of 
genetic entities more objective. 

4.3.6 Conditions Without Simple Modes 
of Inheritance 

The methods discussed so far are used mainly for ge- 
netic analysis of conditions thought to follow a sim- 
ple mode of inheritance. In many diseases, however, 
especially in some that are both serious and frequent, 
there are problems: 

a) Diagnosis of the condition may be difficult. 
There are borderline cases. Expressed more for- 
mally: the distribution of affected and unaffect- 
ed in the population is not an outright alterna- 
tive (examples: schizophrenia; hypertension; dia- 
betes). 

b) It is known from various investigations, including 
twin studies, that the condition is not entirely ge- 
netic but that certain environmental factors influ- 
ence manifestation (example: decline of diabetes 
in European countries during and after World 
War II). 

c) The condition is so frequent that clustering of af- 
fected patients in some families must be expected 
simply by chance (examples: some types of can- 
cer). 

d) It can be concluded from our knowledge of patho- 
genic mechanisms that the condition is not a sin- 
gle disease but a complex of symptoms common 
to a number of different causes (example: epilep- 
sy). In fact, it is becoming apparent that diagnoses 
such as hypertension and diabetes subsume 
groups of heterogeneous disease entities. 

In no such case can a genetic analysis that starts from 
the phenotype be expected to lead to simple modes of 
inheritance (for more complete discussion, see 
Chap. 6). However, for many such conditions, two 
questions of practical importance arise: 
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1. What is the risk of relatives of various degrees 
being affected? Is it higher than the population 
average? 

2. What is the contribution of genetic factors to the 
disease? Under what conditions does the disease 
manifest itself? 

Familial aggregation can be assessed by calculation of 
empirical risk figures. Twin studies and comparisons 
of incidence among relatives of probands with those 
in the general population are required to answer the 
questions discussed in Sect. 6.3. Here, we discuss 
risk figures. 

Empirical Risk Figures. The expression “empirical 
risk” is used in contrast to “theoretic risks” as ex- 
pected by Mendelian rules in conditions with simple 
modes of inheritance. The early methods were devel- 
oped largely by the Munich school of psychiatric ge- 
netics in the 1920s with the goal of obtaining risk fig- 
ures for psychiatric diseases. 

The basic concept is to examine a sufficiently large 
sample of affected patients and their relatives. From 
this material, unbiased risk figures for defined classes 
of relatives are calculated. These figures are used to 
predict the risk for relatives in future cases. This ap- 
proach makes the implicit assumption that risk fig- 
ures are generally constant “in space and time”, i. e., 
among various populations and under changing con- 
ditions within the same population. Considering the 
environmental changes influencing the occurrence of 
many diseases such as diabetes, this assumption is 
not necessarily true but is useful as a first approxi- 
mation. 

The approach can be extended to include the ques- 
tion of whether two conditions A and B have a com- 
mon genetic component, leading to increased occur- 
rence of patients with disease A among close relatives 
of patients with disease B. 

Selecting and Examining Probands and Their Fami- 
lies. In conditions that have simple modes of inheri- 
tance, the selection of probands is usually straightfor- 
ward. The modes of ascertainment are discussed in 
Sect. 4.3.4. For empirical risk studies the same rules 
apply. In fairly frequent conditions, complete ascer- 
tainment of cases in a population is rarely if ever fea- 
sible and is also unnecessary in these investigations. 
In most situations, a defined sample of probands, 
such as all cases coming to a certain hospital for the 
first time during a predefined time period can be 
used. The mode of ascertainment is single selection, 
or very close to it. This approach simplifies correc- 
tion of the ascertainment bias among sibs of pro- 
bands. The empirical risk figures can be calculated 
by counting affected and unaffected among the sibs. 



excluding the proband. Risk figures among children 
ascertained through the parental generation are un- 
biased and need no correction. 

Frequently, the diagnostic categories are not clearcut. 
In these cases, criteria for accepting a person as a 
proband must be defined unambiguously beforehand, 
and all possible biases of selection should be consid- 
ered. Are more severe cases normally admitted to 
the hospital selected for study? Are patients selected 
from a particular social or ethnic group? Are there 
any other biases that might influence the comparabil- 
ity of the results? Genuinely unbiased samples are 
hardly if ever available, but the biases should be 
known. Most importantly, such biases should be in- 
dependent of the problem to be analyzed. For exam- 
ple, it would be a mistake to consider only patients 
who have similarly affected relatives. 

The goal of the examinations is to obtain maximal 
and precise information about the probands and their 
families as far as possible. Methods for achieving this 
goal, however, vary. Clinical experience and the study 
of publications on similar surveys are helpful. 

Once the proband and his family are ascertained, the 
relatives should be noted as completely as possible, 
and information on their health status must be col- 
lected. Here, personal examination by the investiga- 
tor and historical information provided by the pa- 
tients and their relatives are indispensible. Such data 
should be backed by hospital records and various la- 
boratory and radiological studies. Even results of 
clinical examinations should be regarded with scepti- 
cism since not all physicians are equally knowledge- 
able and careful, and official documents, such as 
death certificates, are often unreliable regarding diag- 
nostic criteria. 

In most cases, the determination of genetic risk fig- 
ures answers the question of whether the risk is high- 
er than in the average population. Sometimes ade- 
quate incidence and/or prevalence data from a com- 
plete population in which the study is carried out or 
a very similar one are available. More often than not, 
however, a control series must be examined with the 
same criteria as used for the “test” populations. If 
possible, examination on normal controls and their 
relatives should be performed in a “blind” way; i. e., 
the examiners should be unaware of whether the per- 
sons studied come from the patient or the control 
series. It is a good idea to use matched controls, i. e., 
to examine for every patient a control person mat- 
ched in all criteria but not related to the condition 
to be investigated (such as age, sex, ethnic origin, 
etc.). 

Statistical Evaluation, Age Correction. In conditions that 
manifest at birth, such as congenital malformations affecting 
the visible parts of the body, further calculations are straight- 
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forward: the empirical risk for children is given by the pro- 
portion of affected in the sample. In many cases, however, 
onset occurs during later life, and the period at risk may be 
extended. Here the question asked is: What is the risk of a 
person’s becoming affected with the condition, provided he 
or she lives beyond the manifestation period? The appropri- 
ate methods of age correction have been discussed extensive- 
ly in the earlier literature [35]; one much-used is Weinberg’s 
“shortened method.” First, the period of manifestation is de- 
fined on the basis of a sufficiently large sample (usually lar- 
ger than the sample of the study itself). Then all relatives 
who dropped out of the study before the age of manifestation 
are discarded. The dropping out may be for any of a variety 
of reasons: death, loss of contact due to change of residence, 
or termination of the study. All persons dropping out during 
the age of manifestation are counted as one-half, and all 
who have survived the upper limit of manifestation age are 
counted full. 

Example. Among children of schizophrenics, 50 were affected 
and 200 unaffected. Of these, 100 have reached the age of 45 
and 100 are between the age of 15 and 45 (i. e., the age of man- 
ifestation for the great majority of schizophrenic cases). 
Thus, the corrected number of unaffected is: 200 -V^ x 100 
= 150; the empirical risk is: 



Chapter 16 deals in detail with practical problems, 
taking schizophrenia and affective disorders as exam- 
ples. 

Theoretical Risk Figures Derived from Heritability Es- 
timates? There are suggestions that empirical risk fig- 
ures should be replaced by theoretical risk figures 
computed from heritability estimates for the multifac- 
torial model (Sect.6.1.1.4), after data are found to 
agree with expectations from such a model. This could 
be done when the data compared with a simple dialle- 
lic model. Such heritability estimates can be achieved 
by comparing the incidence of the condition in the 
general population with that in certain categories of 
relatives, for example, sibs or, with caution, from 
twin data. In theory the method permits inclusion of 
environmental, for example, maternal, effects. Its dis- 
advantage, however, is that it depends critically on 
the assumption that the genetic model fits the actual 
situation sufficiently well. Since the genetic model 
chosen may not apply to the data at hand, there is dan- 
ger that the sophisticated statistical approach suggests 
a spuriously high degree of precision of the results. 



Conclusions 

The transmission of traits determined by single 
genes, including hereditary diseases, follows MendeTs 
laws. Autosomal-dominant, autosomal-recessive, and 
X-linked modes of inheritance can be identified on 



the basis of the location of mutant genes on auto- 
somes or on the X chromosome, and noting the phe- 
notypic distinction between homozygotes and het- 
erozygotes. Mutations in mitochondrial DNA are 
transmitted from the mother to all children. Devia- 
tions from the classical Mendelian transmission 
scheme may occur as a consequence of “genomic im- 
printing,” where the parental origin of the mutation 
determines the phenotype. “Anticipation,” with ear- 
lier age of onset in succeeding generations, may owe 
its origin to unstable mutations. Genotype frequen- 
cies in populations follow the Hardy- Weinberg Law, 
which can be used to estimate gene frequencies. In 
rare traits, such as those in most hereditary diseases, 
pedigrees are often ascertained via affected individ- 
uals and their sibships; when such pedigrees are 
used to calculate Mendelian segregation ratios, the 
resulting “ascertainment bias” in favor of affected 
persons must be corrected by appropriate statistical 
methods. 
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If 'to take a possible example, an equally close linkage” (as between the genes for hemophilia 
and color blindness) "were found between the genes for blood group” and that "determining 
Huntington's chorea, we should be able, in many cases, to predict which children of an affected person 
would develop this disease and to advise on the desirability or otherwise of their marriage” 

J. B. S. Haldane and J.Bell (1937) The linkage between the genes for colour-blindness 
and haemophilia in man. Proc. Roy. Soc. B 123, 119. 



5J Linkage: Localization of Genes 
on Chromosomes 

Genes are located in a linear fashion on the chromo- 
somes. This has the logical consequence that genes lo- 
cated on the same chromosome are transmitted toge- 
ther, i.e., that their segregation is not independent. 
On the other hand, it is know from cytogenetics that 
chiasmata are formed during the first meiotic divi- 
sion, and that certain chromosome segments are ex- 
changed between homologous chromosomes (cross- 
ing over; see Sect.2.1.2.4). Hence, even genes located 
on the same chromosome are not always transmitted 
together; the probability of transmission of two linked 
genes depends on the distance between them and on 
the frequency with which they are separated by cross- 
ing over. If located on a fairly long chromosome, and 
if the distance is large enough that numerous crossing 
over events occur between them, genes located on the 
same chromosome may even seem to segregate inde- 
pendently. Such genes are syntenic but not linked. It 
was the great achievement of Morgan and his school 
in the first two decades of the twentieth century to ex- 
ploit linkage for localizing genes relative to each other 
on chromosomes and developing gene maps in the 
fruit fly Drosophila melanogaster. 

Studies on linkage and gene mapping in humans have 
lagged behind this development for many decades. So- 
phisticated statistical techniques were developed to 
get around the difficulty that directed breeding experi- 
ments are impossible in humans, and information from 
naturally occurring families must be used. The applica- 
tion of such techniques, however, was only sparsely re- 
warded by detection of linkage. A breakthrough occur- 
red only when the new techniques of somatic cell genet- 
ics and especially cell fusion were introduced. These 
techniques permitted the assignment of genes to speci- 
fic chromosomes and even chromosome segments. La- 
ter, methods taken from molecular biology, especially 
the ubiquity of common DNA variants, brought further 
progress [7]. Today’s human gene map contains many 
genes, the number of successful assignments is grow- 



ing quickly, and new insights into the organization of 
the genetic material are forthcoming. 

In the following we describe first the principle of the 
classic approach to gene localization as introduced 
by Morgan and his followers. This provides an oppor- 
tunity to introduce some general concepts. We then 
discuss statistical methods for detecting and measur- 
ing linkage in humans; examples are given in Appen- 
dix 7. The various groups of DNA markers are de- 
scribed next, followed by the principle of cell fusion 
and its use in localizing genes on chromosomes, as 
well as the application of radioactive and nonisotopic 
in situ hybridization for this purpose. Genetic maps 
are compared to physical maps, and the use of link- 
age studies as analytical tools in genetic analysis of 
common diseases with complex etiology and patho- 
genesis is assessed. 

5.1.1 Classic Approaches in Experimental Genetics: 
Breeding Experiments and Giant Chromosomes 

According to Mendel’s third law, segregation of two 
different pairs of alleles is independent; all possible 
zygotes of two pairs of alleles are formed by free re- 
combination. Mating between the double heterozy- 
gote AaBb and the double homo zygote aabb leads to: 



Paternal gametes 


AB 


Ab 


aB 


ab 


Maternal , 

^ ab 

gametes 


V4 AaBb 


V4 Aabb 


V4 aaBb 


V4 aabb 



The four genotypes are formed in equal proportions. 
Soon after Mendel’s laws were rediscovered Bateson 
et al. in 1908 [2] found an exception from this rule 
in the vetch, Lathyrus odoratus. Certain combinations 
were observed more frequently and others less fre- 
quently than expected. In some cases, the two paren- 
tal combinations - in our example AaBb (father) and 
aabb (mother) - were increased among the progeny; 
in other cases the two other types Aabb or aaBb 
were more frequent. 
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Paternal gametes 


AB 


Ab 


aB 


ab 


Maternal gametes 


ab 


AaBb 


Aabb 


aaBb 


aabb 


First case (coupling) 




i-0 


0 


0 


1-0 


Second case (repulsion) 




0 


i-0 


1-0 


0 



0 = Recombination fraction 0. 



The alleles of the parental combination seemed either 
to attract one another or to repel one another. Bateson 
et al. [2] coined the terms “coupling” for the former 
phase and “repulsion” for the latter. Morgan in 1910 
[45] recognized that coupling and repulsion are two 
aspects of the same phenomenon (i.e., location of 
two genes on the same or homologous chromo- 
somes). He coined the term “linkage.” Coupling oc- 
curs when the genes A and B are localized in the dou- 
bly heterozygous parent on the same chromosome 
and repulsion occurs when they are localized on 
homologous chromosomes The terms cis and 
trans are more frequently used to refer to genes in 
coupling or repulsion, respectively. If linkage is com- 
plete, only two types of progeny can occur. More fre- 
quently, however, all four types are found, albeit two 
types in smaller numbers. Morgan explained this 
finding by exchange of chromosome pieces between 
homologous chromosomes during meiotic crossing 
over. He also recognized that the frequency of cross- 
ing over depends on the distance between two gene 
loci in one chromosome. Using recombination analy- 
sis as an analytic tool, he and his coworkers succee- 
ded in locating a great number of gene loci in Droso- 
phila and in establishing chromosome maps. Their 
results were confirmed in the early 1930s when Heitz, 
Bauer, and Painter discovered the giant chromosomes 
of some Dipterae. With this experimental tool many 
gene localizations known from indirect evidence 
could be confirmed by direct inspection when they 
were accompanied by small structural chromosomal 
variation. In the meantime linkage analyses have 
been carried out in a great number of species. 



Linkage and Association. It is sometimes assumed 
that genes which are linked should always show a cer- 
tain association in the population, i. e., that the chro- 
mosomal combinations AB or ab (coupling) occur 
more frequently than the combinations Ab or aB (re- 
pulsion). However, this is not the case in a randomly 
mating population. Even if the linkage is fairly close, 
repeated crossing over in many generations causes 
all four combinations, AB, ab, Ab, and aB, to be ran- 
domly distributed in the long run. As a rule, associa- 
tion of genetic traits does not point to linkage. This 
rule, however, has exceptions. Some combinations of 
closely linked genes do indeed occur more often 
than expected with random distribution. Such “link- 



age disequilibrium” was first postulated in humans 
for the rhesus blood types (Sect. 5.2.4) and has also 
been proven for the major histocompatibility com- 
plex (MHC), especially the HLA system (Sect. 5.2.5) 
and for many DNA polymorphisms. It has now been 
shown for many mutations and the neighboring 
DNA polymorphisms (Sect. 12.1.3). Linkage disequili- 
brium may have three reasons: 

1. The population under examination originated from 
a mixture of two populations with different fre- 
quencies of the alleles A,a and B,b, and the time 
elapsed since the mixing of the populations was 
not sufficient for complete randomization. 

2. Two mutants, for example, DNA markers, are locat- 
ed so closely together that an insufficient number 
of generations has elapsed to separate them by re- 
combination since the two mutations occurred in 
one chromosome. 

3. Certain combinations of alleles at linked gene loci 
are maintained in high frequency by natural selec- 
tion. 

These problems are discussed in greater detail in con- 
nection with the MHC system (Sect. 5.2.5) and in the 
discussion on association between HLA and disease 
(Sect. 6.2.3). 



5.1.2 Linkage Analysis in Humans 

Direct Observation of Pedigrees. Linkage analysis by 
classic methods in humans is difficult since no direct- 
ed breeding occurs. However, in some cases pedigree 
inspection can provide information. Linkage is ex- 
cluded, for example, if one of the genes under scrutiny 
can be localized to the X chromosome while the other 
is on an autosome. By the same token, there is a high 
probability of demonstrating formal linkage if both 
genes are X-linked. Even in this case, however, formal 
linkage may not be demonstrable since the loci may 
be so far from each other that crossing over separates 
them. Similar considerations hold for genes located 
on a given autosomal chromosome. The term synteny 
refers to two or more genes being situated on the 
same chromosome, regardless of whether formal link- 
age can be demonstrated. Either a large pedigree or a 
number of smaller pedigrees must be screened to as- 
sess the extent of crossing over. Figure 5.1 a shows a 
pedigree with red-green color blindness (30380, 
30390) and hemophilia. The males in the sibships at 
risk either have both conditions or are normal. The 
genes are in the coupling (or cis) state. The pedigree 
in Fig. 5.1b shows the opposite; here these genes are 
in the repulsion (or trans) phase. 

In some cases linkage between gene loci localized on 
an autosome can also be established by simple inspec- 
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tion of an extensive pedigree. Figure 5.2 shows a large 
pedigree in which Huntington disease segregates to- 
gether with a DNA polymorphism of the G 8 probe of 
Hindlll - [20]. Four allelic variants of this probe are 
observed in this pedigree, A, B, C, and D. The Hun- 
tington gene invariably segregates together with allele 
C. One individual, VI, 5 (arrow), so far has been unaf- 
fected by Huntington disease, but she will be affected 
later, provided that her father, (who has not been tes- 
ted), does not happen to have transmitted another 
chromosome that carries a C allele not linked to the 
Huntington gene. The pedigree points to close linkage 
between the locus for this DNA polymorphism and 



the Huntington gene. Some cross-overs in other such 
pedigrees have been detected, and the recombination 
fraction is 4% or less. The example of this pedigree 
shows that the chromosomal phase of alleles at two 
loci (cis or trans) can often be ascertained with great 
precision even in one large pedigree, and that recom- 
binants can be identified if (at least) three generations 
are available for analysis, and if there are many sibs. 

Statistical Analysis. In most cases linkage analysis is 
more difficult. Extensive pedigrees such as that in 
Fig. 5.2 are exceptional; most available families con- 
sist of two parents and their children. Here the 



Fig. 5.1 a, b. Pedigrees with red-green color blind- 
ness ( B), hemophilia ( □), or both conditions ( ffl), 
a Both abnormal genes in coupling. (From Mad- 
lener 1928) b In repulsion. (From Stern 1973 [77]) 






Fig. 5.2. Large pedigree from Venezuela with Huntington dis- 
ease. A, B, C, Three different “alleles” of a DNA polymorph- 
ism. The Huntington gene is transmitted together with “al- 



lele” C. One individual, VI, 5 {arrow) has so far been unaffect- 
ed. She will most likely be affected later (See text). (From Gu- 
sella et al. 1983 [19]) 
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problem is that the chromosomal phase is usually 
unknown: a double heterozygote may be AB/ab 
(cis) or Ab/aB (trans). When the alleles are random- 
ly distributed in the population (linkage equili- 
brium), the two types are expected in about equal 
frequencies: an AB/ab person forms germ cells in 
the ratio: 

AB Ab aB ab 
1-0 0 0 1-0 
2 2 2 2 

whereas a heterozygote Ab/aB forms germ cells in the 
ratio: 



AB Ab 


aB 


ab 




0 1-0 


1-0 


0 




2 2 


2 


2 




Expectations for germ cells are then 


AB 


Ab 


aB 


ab 


1-0 


0 


0 


1-0 


2 


2 


2 


2 


or 








0 1 


-0 1 


-0 


0 


2 


2 


2 


2 


which adds up to: 






1 

4 


1 

4 


1 

4 


1 

4 



irrespective of 0 . It even remains true if 0 = 0 (very 
close linkage). 

All four types of germ cells occur with the same fre- 
quencies, regardless of the probability of recombina- 
tion 0 . Linkage does not lead to any association of 
alleles A,B or a,b in the population (Exception: link- 
age disequilibrium; Sect. 5.2). Another criterion for 
linkage must be found, one that is independent of 
the phase of the double heterozygote. 

Such a criterion would be the distribution of children 
within sibships. In mating of AB/ab persons {cis phase) 
most children show the allele combinations of their 
parents; in matings of Ab/aB {trans phase) most chil- 
dren show these alleles in a new combination. How 
can these deviations from random distribution within 
sibships be measured and used for establishing linkage 
and determining the probability of recombination? 
Bernstein in 1931 [4] was the first to develop such a 
method. It has now been replaced by the method of 
“logarithm of differences” (lod) scores as developed 
by Haldane and Smith (1947) [22] and Morton [43- 
46] and is generally used to assess linkage. Its princi- 
ple can be described as follows: 

The probability that the observed family data con- 
form to the behavior of two loci under full recombi- 
nation without any linkage is calculated and similarly, 
the probability that the identical family data are 
the result of two linked loci under a specified recom- 



bination fraction { 0 ) is estimated for various famil- 
ies. The ratio of these two probabilities is the likeli- 
hood ratio and expresses the odds for and against 

linkage. This ratio must be calculated for 

each family F. Pi{P { 2)) 

A man may be doubly heterozygous for the gene pairs 
A,a and B,b. His wife may be homozygous for the two 
recessive alleles aa, bb. Assume that his two sons, as 
the father, are doubly heterozygous, i. e., they inher- 
ited the dominant alleles A and B from the father. 
This probability is V2 x V2 = V4 for each son if the 
genes segregate independently. If the gene loci are clo- 
sely linked without crossing over, the probability for 
occurrence of this pedigree may be calculated as fol- 
lows. Either the genes occur in coupling state: AB/ab, 
then the possibility for common transmission to 
each of the two sons is V2 (transmission of the combi- 
nation ab would also have a probability of V^), or the 
genes occur in repulsion state Ab/aB, where transmis- 
sion of both dominant alleles to the same son requires 
crossing over. With close linkage and in absence of 
crossing over the probability here of common trans- 
mission = 0. Hence, the total probability for trans- 
mission of the combination aB to either son is and 
the likelihood ratio is = {^l^l{^l^ = 2 in favor of 
close linkage. Likelihood ratios for the various degree 
of loose linkage can be calculated in the same way. 
For convenience the logarithm of the ratio is used, 
and a lod score z (meaning “log odds” or “log prob- 
ability ratio”) is used: 



Z = logio 



| 6 >) 

IC/2)) 



(5.1) 



Here, P {F\ 0 ) denotes the probability of occurrence 
for a family F when the recombination fraction is 0 . 
Using the logarithms instead of the probabilities 
themselves has the advantage that the score of any 
newly found family can be added, giving a combined 
score z = E for all families examined. 

Equation 5.1 implies an identical recombination frac- 
tion for both sexes. Since sex differences in recombi- 
nation rates have been described [65] (see below), 
the z score in actual data should be computed sepa- 
rately for the sexes: 



Z = logio 



P{FI 0 , 0 ') 
PiFiC 12,^12)) 



(5.2) 



where 0 is the recombination fraction in females and 
0 ' in males. 

It follows from the definition of the likelihood ratio 
that the higher its numerator, the stronger is the de- 
viation in the direction of linkage. In terms of loga- 
rithms the higher the z score, the better is the evi- 
dence for linkage. A lod score of 3 or higher is gener- 
ally considered as proof of linkage. Minor corrections 



Linkage: Localization of Genes on Chromosomes 167 



for dominance and for ascertainment of pedigrees 
with rare traits but are not dealt with here [71]. 

The score z{ 0 , 0 ') for the entire set of data is the sum 
of the scores of the separate families. For a first ap- 
proach 0 = 0 ' is assumed to simplify the calcula- 
tions. After linkage has been established, a possible 
sex difference can be looked for. 

Computer programs for detection and estimation of 
linkage are now available (App.7). They also allow 
for testing whether a part only of the observed famil- 
ies show linkage (= linkage heterogeneity). These 
programs permit to make optimal use of linkage in- 
formation even in large and sometimes complicated 
pedigrees. For a detailed account of reasoning on 
linkage as well as methods of analysis, see Ott [57]. 

The use of lod Scores. The ideal mating for linkage 
studies involves a double heterozygote, i. e., a person 
heterozygous for two different traits, with a person 
homozygous for the two genes. The following types 
of families do not contribute information regarding 
linkage: 

a) Families in which neither parent is doubly hetero- 
zygous 

b) Families in which there cannot be any observable 
segregation 

c) Families in which the phases of the parents are 
unknown and there is only one examined child 

Most linkage studies involve analysis of two common 
markers or of a common gene with a gene for a rare 
genetic disease. Opportunities to study linkage be- 
tween two rare genes hardly ever exist. The ideal fam- 
ily for linkage studies is a kindred with at least three 
generations, many matings, and a large number of 
offspring. Such families are becoming rare in Western 
societies. An alternative approach involves testing of 
many small families. This may even have an advan- 
tage if more than one gene locus causes a special phe- 
notype. In these instances the study of a single, large 
pedigree with linkage may create the impression that 
this gene locus is the only one whose mutations cause 
the phenotype in question, whereas analysis of many, 
smaller pedigrees may point to other loci as well, and 
hence to genetic heterogeneity. 

As discussed in Sect. 2.1.2.4, the human male genome 
has a map length of approx. 25.8 M. With about 
3.5 X 10^ bp/haploid genome (Sect.3.1.1.1), this means 
that 1 cM corresponds to approx. 1.356 x 10^ bp (or 
1356 kb). However, crossing-over sites are not distribu- 
ted equally, as is discussed below. Morton and Collins 
[51] collected estimates from five different series and 
reported a figure of 24.28-30.02 M for autosomes. 
When linkage has been established and a maximum 
likelihood estimate of 0 achieved, the question of 
heterogeneity should be examined. If, for example. 



linkage between the locus for a genetic polymorphism 
and a rare dominant condition has been established, 
linkage analysis can help to prove genetic heterogene- 
ity if only part of the family data shows linkage. This 
occurs very often [41]; the statistical problem posed 
by such a situation is tricky. Ott [55] has proposed 
using the statistic to compare hypotheses: linkage 
without heterogeneity vs. nonlinkage, linkage with 
heterogeneity vs. linkage without heterogeneity, and 
linkage with heterogeneity vs. nonlinkage. It is also 
possible to estimate the proportion of families show- 
ing linkage in the data set studied. 

The human genome has now been so saturated with 
genetic markers that it is often advisable to estimate 
linkage not only for two loci but for several markers 
at once (multipoint linkage). Computer programs for 
linkage analysis are available; the LINKAGE package, 
for example, has proven to be very useful. Appendix 7 
(Table A7) contains necessary information; two cal- 
culated examples are also given, the first showing 
lod scores for one large pedigree and the second de- 
monstrating analysis of several small pedigrees of 
different structure, with genetic heterogeneity. 

Recombination Probabilities and Map Distances. Once 
a number of linkages have been established, the next 
step is to estimate map distances between these loci. 
These distances are expressed in morgans and centi- 
morgans, 1 cM (map unit) meaning 1 % recombina- 
tion (0 = 0.01) for small map distances. For larger 
distances this value must be corrected for double 
crossing over. Various methods have been proposed. 
Given a recombination frequency 0 , the map dis- 
tance can be read directly from Fig. 5.3. 

The Sib Pair Method. The use of lod scores is the ideal 
method if the mode of inheritance of the two traits to 
be tested for linkage has been established. Examples 
include testing of linkage for two genetic markers or 
for a marker and a clearcut monogenic disease. At 
least two generations should be available. The analy- 
sis becomes more difficult if penetrance of the mu- 
tant gene is incomplete, and a definitive phenotype 
cannot be assigned. While inclusion of a penetrance 
term in the analysis may be possible, introduction of 
this and other adjustments can be hazardous since it 
may lead to false claims, particularly if the data are 
manipulated in various ways until a “positive” link- 
age result is obtained. 

In general, if the mode of inheritance cannot be es- 
tablished, or when data from only one generation 
are available, it is preferable to use the sib method 
first suggested by Penrose in the 1930s [60] (see also 
[5, 65-67]; Fig. 5.4). Its rediscovery has been called 
by Ott [56] “the cutting of the Gordian knot.” (Alex- 
ander the Great was challenged to disentangle this 
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Fig. 5.3. Genetic distance (in centi- 
morgans) in relation to the recombi- 
nation fraction (in percentage), ac- 
cording to estimates from various 
authors. Hi, Haldane function with 
no interference; K, Kosambi; CF, 
Carter and Falconer; RM, Rao and 
Morton; L, Ludwig. (From White and 
Lalouel 1987 [86]) 



knot, which no one had been able to do previously; 
he cut through it with his sword.) This is because 
the detection of linkage with this method does not 
depend on correct assignment of the mode of inheri- 
tance but only on the influence of a gene that contri- 
butes nonnegligibly to the trait and on linkage of 
this gene with a marker. Penrose explains, “The 
method is based on the principle that, when pairs of 
sibs are taken at random, certain types of sibling 
pairs will be more frequent if there is linkage than if 
there is free assortment of the characters studied.” 
The method is used as follows: Codominant genetic 
markers with several alleles are studied in a series of 
sib pairs (or other pairs of relatives) both of whom 
are affected with a disease whose linkage relationship 
to the marker is to be investigated. If there is no link- 
age to the marker, 25% of affected sib pairs share 
both maternal and paternal alleles of the marker, 
50 % share one of the marker alleles, and 25 % differ 
for both marker alleles. If the marker is linked to a 
gene that contributes to causing the disease, the pro- 
portion of sib pairs with the disease who share one 
or two marker alleles is increased over the expected 
25 % or 50 %, respectively. 

The problem is straightforward when the marker sta- 
tus of both parents is known, and the identity by des- 
cent of the marker can be established. However, the 
method can also be used, albeit with more difficulty, 
if only marker information on the affected sib pairs 
is available, and the parents are not investigated (see 
also [10]). Problems arise here if the affected parent 
is homozygous for the marker, or if the unaffected 
parent contributes a marker allele to the child that is 
identical to the marker that cosegregates with the 
disease gene [50]. This problem can be avoided in 



other of two ways: (a) Unajfected sib pairs in the 
same families can be studied. Such pairs are expected 
to be more similar in the alternative marker alleles. 
However, the disease must have 100 % penetrance so 
that there is certainty that an unaffected sib really 
does not carry the disease gene, (b) An approach 
that is becoming increasingly feasible is to study hap- 
lotypes of several closely linked markers or of multi- 
allelic variable-number tandem repeats (VNTRs) 
rather than of only a single restriction fragment 
length polymorphism (RFLP) marker. Under these 
conditions each parent often has a unique haplotype 
(or VNTR) at the site under study with four haplo- 
types (or VNTR types) between the two parents. A 
child inherits only two haplotypes (or VNTRs), one 
from each parent. With no linkage 25% of sib pairs 
share two haplotypes or VNTRs, 50% are identical 
for one, and 25 % for none. With linkage, statistically 
significant increases over the 25% and 50% propor- 
tions of shared haplotypes (or VNTRs) are ob- 
tained. 

This method has been adapted for pairs of relatives 
other than sibs as well; computer programs for test- 
ing linkage and estimating map distances are avail- 
able (see also Appendix 7). 

Haplotype analysis is especially useful if general cir- 
cumstances favor the view that all patients suffer 
from a genetic disease which can be traced back to 
one single mutation. (See the discussion of such 
“founder effects” in Sect. 13.3.2). Here, the time since 
this mutation occurred may not have been sufficient 
to randomize marker loci around this mutation by re- 
peated crossing over; it may still exist within the 
same haplotype in most instances. If the mode of in- 
heritance is autosomal-recessive, patients may be 
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homozygous for this haplotype. In this way, the auto- 
somal-recessive gene for benign recurrent intrahepa- 
tic cholestasis (BRIG), an autosomal-recessive condi- 
tion occurring in the Tyrolian Alps, was mapped to 
chromosome 18. If its main precondition - evidence 
for a founder effect - is met, the method is very effi- 
cient statistically [24 a]. 

Results for Autosomal Linkage, Sex Difference, and 
Parental Age. The first autosomal linkage in man 
was found by Mohr [44] between the Lutheran blood 
groups and the ABO secretor locus. Some years later 
linkage between the Rh loci and elliptocytosis 
(166900) was established and used to detect genetic 
heterogeneity of elliptocytosis, since not all families 
with elliptocytosis showed this linkage. A short time 
later, linkage between the ABO blood group locus 



and the dominant nail-patella syndrome (161 200) lo- 
cus was found. This linkage established for the first 
time a sex difference of recombination probabilities 
in humans: map distance between these loci was 
8 cM for males and 14 cM for females. A great many 
linkage have since been examined for sex differences; 
in the majority of instances a higher recombination 
fraction has been observed in females than in males. 
The same sex difference had been known for a while 
in the mouse [63]. It conforms to Haldane’s rule [21] 
that crossing over is generally more frequent in the 
homogametic than in the heterogametic sex. In hu- 
mans, however, this rule has exceptions. In the distal 
portion of 11 p, for example, the recombination fre- 
quency appears to be higher in males [87]. It appears 
that such a higher male recombination rate may be 
characteristic for chromosome parts close to telo- 
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meres. There is also good evidence that the absolute 
exchange rate is higher in chromosome parts close 
to the telomere [86]. However, the overall recombi- 
nation rate is definitely higher in females [15]. In 
DrosophilUy there is no crossing over at all in the 
male. 

There has been considerable discussion as to whether 
recombination frequency is also influenced by paren- 
tal age. In the mouse, the data are consistent with de- 
creasing recombination rates with aging in females 
and increasing rates in males. Weitkamp [85] found 
a significantly increased incidence of recombinants 
with increasing birth order in humans for eight close- 
ly linked pairs of loci, indicating a parental age effect. 
There was no difference between males and females 
for this effect. A similar parental age effect was found 
for the Lutheran/secretor and Lutheran/myotonic 
dystrophy (160 900) pairs but not for ABO/nail-patella 
or Rh/PGD pairs. 

In a survey of cytogenetically determined chiasma 
frequencies from 204 males reported in the literature, 
little or no linear trend with age was found [36]. No 
cytogenetic data are available for females. The discre- 
pancy between formal recombination data and chias- 
ma frequencies is unexplained [86]. 

Information from Chromosome Morphology. Pairs or 
clusters of autosomal loci found to be linked (linkage 
groups) could not be assigned to specific chromo- 
somes by a formal methodology of family study. The 
first chromosomal localization was accomplished as 
follows [14, 64]. 

The long arms of chromosome 1 frequently show a sec- 
ondary constriction close to the centromere. In about 
0.5% of the population, this constriction appears 
much thinner and longer than normal. The variant is 
dominantly inherited. An uncoiler locus (Un- 1 ) ap- 
pears to be localized on chromosome 1. Linkage studies 
show close linkage between the blood group Duffy lo- 
cus and the Un -1 trait; G = 0.05. Linkage between Duffy 
and congenital zonular cataract (116200) had been dis- 
covered earlier. Hence, a linkage group with three loci, 
cataract, Duffy, Un -1 could be assigned [14]. 

Another possibility to localize genes on specific chro- 
mosomes was afforded by deletions. If a gene locus 
whose mutation has a dominant effect is lost by dele- 
tion, the absence of that gene may occasionally have a 
phenotype similar to the dominant mutation. More 
extensive symptoms may also be present, since more 
genetic material than a single gene would be expected 
to be lost. In 1963 a retarded child with bilateral reti- 
noblastoma was found to have a deletion of the long 
arm of one D chromosome [37]. This chromosome 
was later identified as no. 13, and this I3qi4 deletion 
has been found in a number of other cases with reti- 
noblastoma and additional anomalies. Patients with 



retinoblastoma without additional symptoms usually 
have no deletion. The localization of this gene (Rbi) 
has since been confirmed by DNA marker studies 
(see Sect. 10.4.3). 

Another approach, thought to be more generally use- 
ful, is the quantitative examination of enzyme activ- 
ities in cases with chromosome anomalies. Most en- 
zymes show a clearcut gene dose effect in heterozy- 
gotes, i.e., heterozygotes for an enzyme deficiency 
have approx. 50 % of enzyme activity. Therefore a si- 
milar gene dose effect might be expected when a 
gene locus is localized on a chromosome segment 
that has been lost by deletion. 

The results of many early studies of this sort proved 
disappointing. Later, however, an increasing number 
of such gene dosage effects have been described in 
vitro, on trisomic and monosomic cells [33] 
(Sect. 8.4.3). To mention only one example, the activ- 
ity of the enzyme phosphoribosylglycinamide syn- 
thetase was studied in several cases of partial monos- 
omy and full and partial trisomy 21, as earlier studies 
had suggested a gene dosage effect for this enzyme. 
In regular trisomy 21 an excess was found with a ratio 
of trisomy 21 to normal of 1.55. A ratio of 0.99 was 
found in 2iq2i ^ 2ipter monosomy; 0.54 in 
2iq22 ^ 2iqter monosomy; 0.88 in 2iq2i 2ipter 
trisomy; and 1.46 in 2iq22.i trisomy. Therefore the 
phosphoribosylglycinamide synthetase gene locus 
could be localized in subband 2iq22.i [11]. Utilization 
of variants in chromosome morphology (hetero- 
morphisms), such as the secondary constriction on 
chromosome 1 mentioned above, along with gene 
dosage studies, slowly opened the way to linkage and 
gene localization. A new method, using cell fusion, 
has led to much more rapid progress. 

5.1.3 Linkage Analysis in Humans: 

Cell Hybridization and DNA Techniques 

First Observations on Cell Fusion. The history of cell 
fusion is related by Harris [24]. Binucleate cells were 
observed in 1838 by J. Mueller in tumors, and after- 
wards by Robin in bone marrow, by Rokitansky in tu- 
berculous tissue, and by Virchow both in normal tis- 
sues and in inflammatory and neoplastic lesions. The 
view that some of these cells were produced by fusion 
of mononucleate cells derived from the work of de 
Bary in 1859, who observed that the life cycle of cer- 
tain myxomycetes involves the fusion of single cells 
to form multinucleated plasmodia. The earliest re- 
ports of multinucleated cells in lesions that can be 
identified with certainty as being of viral origin ap- 
pear to be those of Luginbuehl (1873) and Weigert 
(1874), who described such cells at the periphery of 
smallpox pustules. 
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Following the introduction of tissue culture methods, 
numerous observations were made on cell fusion in 
cultures of animal tissue (see [23]). Enders and Pee- 
bles (1954) found that the measles virus induces cells 
in tissue culture to fuse to form multinucleated syn- 
cytia. Okada (1958) showed that animal tumor cells 
in suspension can be fused rapidly to form multinu- 
cleated giant cells using high concentrations of hem- 
agglutinating parainfluenza virus (Sendai virus). 

In i960 Barski, identified cells generated by sponta- 
neous fusion in a mixed culture of two different but 
related mouse tumor cell lines. These cells contained 
the chromosome complements of both parent cells 
within a single nucleus. This phenomenon was then 
examined by Ephrussi et al., who concluded that not 
only closely related mouse cells could be hybridized; 
even larger genetic differences did not exclude spon- 
taneous cell fusion. However, it soon became obvious 
that the frequency of spontaneous cell fusion is very 
low, and that many cell types never fuse spontaneous- 
ly. Fusion frequency must be increased in some man- 
ner. Furthermore, isolation of hybrid cells was possi- 
ble only when culture conditions gave these cells a se- 
lective advantage. 

Both problems were soon solved. Littlefield (1964) 
isolated the rare products of spontaneous fusion in 
mixed cultures by a technique adopted from micro- 
bial genetics. Fusion of two cells deficient in two dif- 
ferent enzymes resulted in hybrids that recovered 
the complete enzyme set by complementation. Only 
these cells survived selection against the deficient 
cells. 

Harris and Watkins (1965) [213] enhanced the fusion 
rate of various cells by treatment with UV-inactivated 
Sendai virus. Along with introduction of this meth- 
od, they showed that fusion can be induced between 
cells from widely different species, and that the fused 
cells are viable. With this work, widespread use of 
the cell fusion method in various branches of cell 
biology began. 

First Observation of Chromosome Loss in Human- 
Mouse Cell Hybrids and First Assignment of a Gene 
Locus. Weiss and Green (1967) [85] fused a stable, an- 
euploid mouse cell line, a subline of mouse L cells, 
with a diploid strain of human embryonic fibroblasts. 
The mouse cell line was deficient in the thymidine ki- 
nase (TK) locus and did not grow in hypoxanthine- 
aminop ter in- thymidine (HAT) medium, a culture 
medium selective for cells containing the human TK 
locus (188300). 

Cultures were initiated by mixing the two types of 
cells and growing them on standard medium. After 
4 days cultures were placed in the selective HAT me- 
dium. This led to degeneration of the mouse cells, 
leaving a single layer of human cells. After 14- 



21 days hybrid colonies could be detected growing 
on the human cell monolayer. A number of these co- 
lonies were then isolated, grown for a longer time 
period, and examined. They turned out to maintain 
the mouse chromosome complement, but 7S%~95% 
of the human chromosomes were lost. One human 
chromosome, however, was present in almost all cells 
growing in the HAT medium. This suggested that the 
locus for thymidine kinase is localized on this chro- 
mosome. Therefore control experiments were carried 
out with a bromodeoxyuridine-containing medium. 
Bromodeoxyuridine, a base analogue for thymine, is 
accepted by TK in place of thymine and selects 
against cells containing this enzyme. A special chro- 
mosome described as “having a distinctive appear- 
ance” was present in almost all HAT cultures but in 
none of the bromodeoxyuridine cultures. It was con- 
cluded that the TK locus is indeed localized to this 
chromosome. Shortly thereafter the chromosome 
bearing the TK locus was found to be no. 17 [43] 

(Fig. 5.5). 

This work led to two principles which were later deci- 
sive for the use of cell hybridization in linkage work: 

1. Hybrids between mouse and human cells tend to 
lose many human chromosomes. It was later 
shown that this loss is random, and therefore ex- 
amining a great number of hybrids one can expect 
to find a cell that has kept any one specified chro- 
mosome. 

2. By using an appropriate selective system it is pos- 
sible to select cells with a certain enzyme activity 
and to localize the gene loci specifying this enzyme 
to a specific chromosome. 

Whereas genetics has historically been the science of 
genetic variability within a species, the hybridization 
method permits the localization of genes that do not 
show genetic variability in humans, provided only 
that the gene products of the human and nonhuman 
cells can be identified. One means of identification is 
the use of a selective system. 

Since 1967 selective systems have been developed for 
several enzymes. One example uses the hypoxanthine 
phosphoribosyltransferase locus on the X chromo- 
some (Sect.7.2.2.6). This system can be used for selec- 
tion not only of other X-linked loci but also of auto- 
somal loci if a part of the autosome has undergone 
translocation with the X chromosome. It is also pos- 
sible to assign loci for which no selective system ex- 
ists, provided that enzymes produced by the two spe- 
cies have recognizable differences such as electro- 
phoretic variation. 

In hybrid cultures chromosome breakage and rear- 
rangement are relatively frequent events. This chro- 
mosomal behavior made possible the suitable selec- 
tion of hybrid clones containing identifiable parts of 
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Mitosis 







After 30-50 cell generations the cells have lost part of their 
human chromosomes. Only cells having kept chromosome 17 
show thymidine kinase activity (two cells at left). Cells with- 
out chromosome 17 show no TK activity (cell at bottom right) 



Fig. 5.5. The principle of gene localization on an autosome. 
Thymidine kinase deficient mouse cells (M, TK~) are grown 
in mixed cell culture with normal human cells (H, TK^). The 
cells are fused spontaneously, chemically, or by Sendai virus. 



chromosomes, thereby combining the advantages of 
deletion mapping and hybridization. 

Other Sources of Information for Gene Localization. 
Another method utilized for gene localization is the 
in situ DNA-RNA hybridization technique (see 
Sect.3.1.3.3). This method brings labeled cDNA of the 
gene to be localized (or DNA produced from RNA by 
the enzyme reverse transcriptase) into contact with 
chromosomal DNA, which is made single-stranded 
by appropriate techniques. The cDNA sequences that 
match their DNA counterpart on the chromosome hy- 
bridizes at a specific chromosomal locus. In recent 
years this method has been complemented by noniso- 
topic in situ hybridization, which requires less time 
and also offers improved resolution power. 

DNA Polymorphisms and Gene Assignment. In recent 
years the detection of an increasing number of DNA 
restriction site polymorphisms and other DNA mar- 
kers has opened up an additional approach to map- 
ping of the human genome. In addition to these - 
now classical - RFLPs, other markers have been detec- 
ted, among them the minisatellites [25], short DNA se- 
quences distributed in great number over the human 



genome and occurring with variable numbers of re- 
peats; this number is different in almost every indivi- 
dual. Therefore the information content for linkage 
studies is very high. Another such system, that of so- 
called microsatellites, consists of (CA)„ repeats that 
occur in great numbers in the genome; the number 
of repeats per unit is extremely variable, as well. Loca- 
lization of individual (CA)„ probes in the genome has 
been achieved by identifying and using specific DNA 
sequences on both sides of these markers that allows 
amplification by the polymerase chain reaction 
(PGR; Sect.3.1.3.5). Table 12.3 shows the types of avail- 
able DNA markers. Genes for many important heredi- 
tary diseases could be localized on specific chromoso- 
mal sites using such markers. Model calculations have 
been performed [7, 35, 75] showing that only a few 
hundred such markers distributed at random along 
the human genome are necessary for the entire hu- 
man genome to be mapped and for at least one mar- 
ker closely linked to the gene locus of a given heredi- 
tary disease to be found that can be used in genetic 
counseling and prenatal diagnosis (Sect. 18.1; 18.2). 
Immortalized lymphoblastoid cell lines from large 
three-generation families with known genotypes for 
many marker loci have become available for the 
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study of new markers [87]. In addition to this set of 
families in Salt Lake City, Utah, another set has be- 
come available in France - the CEPH families [13, 
15]. Both sets consist of nuclear families (both parents 
and a great number of children) which have been 
typed with many genetic markers. DNA from such fa- 
milies is available to the scientific community for fur- 
ther mapping. With increasing numbers of available 
markers, analysis of linkage relationships not only 
between two gene loci (e.g., one disease gene and 
one marker) but also between a disease gene and a 
set of markers - a haplotype - is becoming more 
and more important. Such haplotypes are being 
used increasingly in many studies as well as in genet- 
ic counseling and prenatal diagnosis. The proportion 
of kindreds in which the combination of genotypes 
is informative for linkage - and hence for prenatal di- 
agnosis - can be enhanced appreciably by using such 
sets of markers. 

In recent years progress in establishing linkage - or 
synteny - and in assigning loci to certain chromo- 
somes has been rapid. Published conferences are 
held every 2 years, and newsletters are circulated. In 
this rapidly evolving field of science centered around 
a special set of methods, scientists have created their 
own system of scientific interaction independent of 
“official” channels such as scientific journals to keep 
pace with the rapid progress. 

Gene Symbols To Be Used. In cooperative scientific 
activities such as mapping of the human genome, 
certain terminological conventions are necessary. 
Such conventions have been established by a commit- 
tee on standardized human gene nomenclature [41] 
and by another committee consisting of an interna- 
tional group of linkage specialists [28] for gene sym- 
bols and for human linkage maps in general. The 
rules for gene symbols include: only uppercase let- 
ters, no hyphens, no more than four or five letters or 
numbers, etc. For details see Appendix 8. 

Present Status of Gene Localization and Assignment 
to Autosomes. All the information noted above has 
been brought together in a documentation that is 
being publishing continuously, and is available in a 
database (see Appendix 7). A selection of important 
genes is contained in Fig. A 7.5. 

Linkage ofX-Linked Gene Loci. Assignment of loci to 
the X chromosome is no problem when the pedigrees 
show the typical pattern of X-linked inheritance. As- 
signment of genes to special segments of the X re- 
quires the techniques described above, often support- 
ed by family studies. 

The X chromosome (after chromosome 1) is still the 
second most completely saturated human chromo- 



some (Fig. 5.8). Well-known genes for human diseases 
have been localized. But even with these localizations 
many X-linked genes need to be mapped for example, 
it is estimated that up to 80 (or even more) different 
types of X-linked mental retardation may exist. For 
only few of these have genes been localized so far. 

Genetic and Physical Map of the Homologous Segment 
of X and Y Chromosomes. When a genetic map of a 
chromosome or chromosome segment becomes, 
known, it ultimately needs to be complemented by a 
physical map. The final goal is to identify the DNA 
sequence of all genes within this area. The following 
presents an introduction using the pseudoautosomal 
region of Xp and Yp as examples. 

This region is located in the Giemsa light band 
Xp22.3 and in Ypii.32 (Fig. 2.19). Various authors 
have constructed partial physical maps; the latest es- 
timate runs at about 2560 kb for its entire length 
[62]. There is a certain interindividual length varia- 
tion. A number of families from the CEPFI family 
pool [13] were studied with 11 exactly localized 
DNA markers; this established very high recombina- 
tion frequencies in males and lower but clearly ele- 
vated frequencies in females. In males, the genetic 
map is 55 cM long and in females 8-9 cM. Hence 
the sex difference in this case is opposite to Hal- 
dane’s rule. Moreover, it is about 20-25 times higher 
than the average of all chromosomes in the male 
and 6 times higher in the female. Differences in re- 
combination rates between chromosome regions 
have also been demonstrated for other chromo- 
somes. 

The first step of physical mapping has been restric- 
tion of this area with “rare cutter enzymes” which 
cut DNA into regions with many CpG islands. A 
striking accumulation of such rare cutter sites was 
found within the most distal 500 kb of the pseudoau- 
tosomal region, which also shows most individual 
DNA variants (Fig. 5.6; 5.7). As a rule, CpG islands in- 
dicate the presence of genes. So far it has not been 
clarified whether their accumulation in this area indi- 
cates an extremely high density of genes or a stretch 
of noncoding, CpG-rich DNA with some other func- 
tion. Closer scrutiny of this terminal area by chromo- 
some jumping has revealed at least five regions in 
which the CpG islands are concentrated. Further ana- 
lysis, for example, constructing of a contig of YAC 
clones, is in progress (Figs. 5.6, 5.7). 

Some genes are also located in the pseudoautosomal 
region; there is, for example, a gene for the enzyme 
ADP/ATP translocase (3001500) [68] Figure 5.7 
shows the map of the pseudoautosomal region. 

The Y Chromosome. It is the Y chromosome [83, 88] 
which determines male sex. Recent analysis has sue- 
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Fig. 5.6. Principle of integrating a linkage map with the phy- 
sical map, using YAC clones. The overlapping clones cover 
the entire area of the D gene, as well as adjacent areas on 



both sides, permitting determination of the entire DNA base 
sequence. Blue bars, disease gene D lies on one of the YAC 
clones 



ceeded in localizing specific factors involved in sex 
determination to certain segments of this chromo- 
some. As in many other instances, analysis of patho- 
logical conditions has contributed to understanding 
of the normal state, such as the study of men with 
two X but apparently no Y chromosome. As early as 
1966, Ferguson-Smith [17] postulated XY transloca- 
tions which were expected to transfer to the X a small 
- but for male development decisive - part of the Y 
chromosome. This expectation has been confirmed 
by many observations [88]. Since meiotic pairing of 
X and Y chromosomes occurs in the pseudoautoso- 
mal (Fig. 2.19) and in adjacent nonhomologous re- 
gions, and since pairing errors provide a plausible 
mechanism for such translocations, the search for 
the testis-determining factor (TDF) soon concentrat- 
ed on the short arm. Here the SRY (sex reversal gene 
on Y) gene was finally identified [70]. This gene gives 
rise to a mRNA of about 1 kb; it apparently codes for 
a protein controlling transcription. This fits well 
with the prediction that the TDF is a “master regula- 
tory gene” [88]. 

This factor alone, however, is not sufficient for male 
differentiation [43]. Other factors appear to have im- 
portant supportive functions, such as the ZFY factor, 
which is also located close to the boundary of the 
pseudoautosomal region [58]. 

A factor, or group of factors, has recently attracted in- 
terest because analysis of abnormalities has thrown 
new light on certain defects of spermatogenesis. A re- 
gion within the euchromatic segment of the long arm 
appears to be important for normal spermatogenesis, 
since deletions within this region lead to arrested 
sperm formation either in an early stage, i.e., not 
even functional spermatogonia are formed, or in 
postmeiotic stages [83]. The first discovered deletions 



were so large that they could be recognized by cyto- 
genetic methods [80]. Small deletions were later 
identified by molecular techniques [83], and their re- 
cognition has become important for differential diag- 
nosis of male infertility. 

In addition to genes involved in testis development 
and spermatogenesis, the Y chromosome may also 
harbor genes to promote growth and stature. 

Linkage Analysis with Genetically Ill-Defined, Quantitative 
Traits? Earlier linkage studies sometimes included quantita- 
tive traits with multifactorial inheritance. The idea behind 
these studies was that linkage would detect major genes influ- 
encing these phenotypes. Theoretically this approach is cer- 
tainly correct. If a measurable characteristic shows fairly 
close linkage with a genetic marker, this indeed points to 
linkage of a major gene with this marker locus. If linkage 
can be shown for two measurable characters, both may be in- 
fluenced by two major genes. The same argument applies to 
diseases with multiple, complex causes, including many com- 
mon diseases. Practically, however, great care is needed. The 
reason is threefold: 

1. If many quantitative characters are included in such an 
analysis, chance alone yields some statistically significant 
values that suggest linkage. 

2. Linkage predicts correlations in families but not in the po- 
pulation. The prediction, however, depends on random 
mating. Some measurable, graded characteristics are 
sometimes associated with assortative mating. 

3. If diseases without clearcut Mendelian mode of inheritance 
are studiec^, attribution of phenotypes to genotypes is of- 
teil dubious. 

Earlier studies often yielded disappointing results. More re- 
cently, however, the method for studying affected pairs of 
close! relatives has been introduced (or, rather, Penrose’s sib 
pair method was rediscovered; Sect. 5.1.2). The logistic diffi- 
culties with this method, - especially the large number of 
pairs of relatives needed for a significant result - are being 



Linkage: Localization of Genes on Chromosomes 175 



4 

Z 

LU 

o 



LJJ 




o 

o 

o 




:u- 



o 

< 



> 



: in 



in 

CM 

CM 

O 

>- 



CM 

o 

> 



CO 

CM 

CM 

O 

>- 



CM 

S 

(O 



00 

00 

o 

>• 



< 

s 



00 

CM 

X 

o 

>- 



CM 

CM 

X 

o 

> 



< ‘i CO - 

^ pci 

<u Q ^ 



- 

^ .52 



<y ^ O 

u o 

2 ^ 
u rn 
,C3 



rH tu |__| ■ ■ 

^ r > <l> 

^ ^ bO-^ 

c ^ ^ .s ^ 

^ ^ ^ 

CO .ti u -Ci 

r^- i2 - - 

<u ^ 



■? S 



<u 



CO 
CCJ 

CO 

2 

^ fi ^ 

S.I a 

e c 1 2 ° .S 

o -2 •S aj .2 

I S 

6 S -S o S y 

>H c bOTj ^ 

^ O) CCJ jp ^ 

“ :2 M « ° c 

" ^ I -s' 1 1 

g S ^ g -S c 

1^ o| 

^ .2 

•5 Id 



o 

Oh ^ 

bOciS 
C hi 



CO 



•a s 

Dh^ 

^ 0. 

^ tj 
c 

cd 



^ ^ fa ^ H 

O « CO 

a ^ 2 

c s ^ 

§ .8 ^ « 

■? d 



bO-^ 

fa r7^ 

C ^ 

o :^; 

1 1 ^ 



far o 
pS «u 



’bo ‘53 

2i I 

Id o 



CO 

cu 

CO ? C ^ 

S 2 o o 

.2 <u fa 

S.S 

W rH CL( Vh 

fa g cd 

— I s <L> 
cd C ^ fa 

^ 2 § 



° 1 
2 § 

^3 • 
cd 



£ S S o 

fa _C <L> <U 

CO -Pi 1j 

7, <L> o) 2 



(U 

« ^ #H 

_ = CCJ q, 

o o ^ U 

fa CLi <1^ ^ 

^ O ^ S ® -fa 

S § -5 ^ ‘bb^ 

CO cLi cd 

^ g g ^ 

<fl ^ T3 C 

^ i“ i P' 



cd ^ 

faj ^ 



OJ CO 



cd 



- , 3 » 

£? Cd 

I c 'I J 

•^i “3 

Vh 

c^ D O 

~ fa 
d ^ ^ ^ 

O) ^ ^ cd .Jp o> 
5 -h O • bO 4P vh 
2^ ifa CO .fa c2 

O) CO fa t> -tn 

’-' S? 2 > J :£5 

u .2 £ _ 3 

fa -w. C^ b CL) 

1^1 Si II 

.S ^ .§ jS -S -S 

U ON fa. (U - 
|sf bO^ ^ 

^;.s fa ^fa ^ 

•0 So o ^ fa ^ 

.2P ^ ° ^ 3 

tJU fan +1 o ^ ^ 



O O) -' 
fa ^ "PS 
cd f— I »' 

C 

O) 



//Me, the assumed interval for the acetylserotonin methyltransferase (ASMT) and a gene with unknown function (XEy) (Courtesy Dr. G.Rappold) 



1/6 Formal Genetics of Humans: Linkage Analysis and Gene Clusters 



overcome by appropriate large-scale international coopera- 
tion. In some diseases, for example the most important men- 
tal diseases such as schizophrenia (Sect. 16.2), an approach of 
this sort together with painstakingly precise clinical classifi- 
cation may ultimately lead to a more incisive analysis of 
gene action and specific pathogenetic aberrations. However, 
there are numerous difficulties. For example, if genetic het- 
erogeneity exists, and if a disease is caused in part by differ- 
ent major genes in various population groups, collection of 
numerous sib pairs from these populations may conceal link- 
age present in one of these populations. We return to these 
problems in Chap. 16. 

DNA Variants in Linkage. The large number of DNA 
polymorphisms provide many new markers, and 
most linkage work is now beeing carried out with 
DNA variants (Sects. 12.1, 12.2). 

Linkage disequilibrium (i.e., failure to demonstrate 
free assortment; see Sect. 5.2) has frequently been 
found between the sites of various markers at a given 
locus. Since these sites are physically very close, 
crossovers between them are rare, and many genera- 
tions must pass before linkage equilibrium is 
reached. Furthermore, current data suggest that re- 
combination rates at closely linked markers may 
vary considerably between different chromosomal lo- 
cations. Thus, both “hot” and “cold” spots of recom- 
bination appear to exist [18, 52]. 

Practical Application of Results from Linkage Studies. 
In the past the main interest of linkage studies was 
theoretical. Practical applications, however, are 
emerging increasingly. If, for example, gene A causes 
a rare hereditary disease manifesting itself later in 
life, and B is a genetic marker closely linked to A 
and segregating in the same family, the disease can 
be predicted in a young individual, and this predic- 
tion may be used in genetic counseling. Often prena- 
tal diagnosis is also possible (Sect. 18.2). While in an 
increasing number of instances genetic diagnosis 
can be based on direct study of the mutant gene it- 
self, indirect diagnosis using linkage with genetic 
markers will remain important if the gene has not 
yet been cloned. 



5.2 Gene Loci Located Close to Each Other 
and Having Related Functions 

5 . 2.1 Some Phenomena Observed 
in Experimental Genetics 

Closely Linked Loci May Show a Cis-Trans Effect. 
When series of multiple alleles were analyzed in Dro- 
sophila, crossing over within these series was ob- 



served occasionally, indicating that what had been 
considered as one “gene” can be subdivided by genet- 
ic recombination. Such alleles were termed “pseu- 
doalleles” by McClintock in 1944 [40]. In some a so- 
called cis-trans effect was shown. When two muta- 
tions were localated side by side on the same chro- 
mosome (ds position), the animal was phenotypical- 
ly normal, but when they were localized on homolo- 
gous chromosomes {trans position), a phenotypic 
anomaly was seen [39]. 

Explanation in Terms of Molecular Biology. In fungi, 
bacteria, and phages, genetic recombination is nor- 
mally observed within functional genes, i. e., DNA re- 
gions carrying information for one polypeptide 
chain. A cis-trans effect is now considered to be typi- 
cal for two mutations that are not able to complement 
each other functionally, i.e., that are located within 
the same structural gene. Complementation between 
two mutations, by the same token, is regarded as an 
indication that these mutations are located in differ- 
ent functional genes. A gene has many mutational 
sites and may be subdivided by recombination. Com- 
plementation tests are often used to test genetic, bio- 
chemically characterized conditions for heterogene- 
ity. 

A Number of Genes May Be Closely Linked. Close 
linkage has frequently been described between mu- 
tations affecting closely related functions, which 
are perfectly able to complement each other func- 
tionally and show no cis-trans effect. In bacteria 
such as E. coli, gene loci for enzymes acting in 
one sequence have been found to be closely linked 
and arranged in the sequence of their metabolic 
pathway. Their activity is subject to a regulating 
mechanism by a common operator and promoter 

[31]. 

5.2.2 Some Observations in the Human Linkage Map 

Types of Gene Clusters that Have Been Observed. The 
first impression when examining the human linkage 
map is that most loci are distributed fairly at random. 
However, there are exceptions: 

a) The loci for human hemoglobins y, d, and P are 
closely linked. 

b) The immune globulin region comprises a number 
of loci responsible for synthesis of immunoglobu- 
lin chains. The same is true for genes of the T 
cell receptor (chromosome iqqii). 

Also exceptional is a cluster of genes, which are 
obviously related functionally, being involved in 
he immune response. This is the major histocom- 
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patibility complex (MHC) cluster including var- 
ious components of complement on chromo- 
some 6. 

In many cases, incisive genetic analysis has been 
possible by establishing the amino acid sequence 
of proteins, and the differences between the close- 
ly linked genes have become known even at the 
level of base sequence within the transcribing 
strand of the DNA - sometimes without any 
knowledge of the gene product. 

c) No less than four gene loci involved in the gly- 
colytic pathway are located on chromosome 1. 

d) A number of genes determining closely related en- 
zymes seem to be closely linked, for example, 
pancreatic and salivary amylase on chromo- 
some 1, and guanylate kinase 1 and 2 on the same 
chromosome. 

e) The protan and deutan loci for red-green color 
blindness are located in the same cluster on the X 
chromosome. 



Clusters Not Observed So Far. As mentioned above, 
functionally related genes in bacteria are frequently 
closely linked; they are subject to common control 
within an operon. One would expect that, in hu- 
mans, such operons would also occur. Linkage data 
known so far, however, provide no positive evi- 
dence. Two genes linked in the same operon in bac- 
teria are those for galactose-i-phosphate uridyl- 
transferase and galactokinase. In humans these 
genes are localated on chromosomes 3 and 17, re- 
spectively. Similarly, the gene for G6PD is located 
on the X chromosome, and that for 6-PGD, the fol- 
lowing enzyme in the shunt pathway, is situated on 
autosome 1. Genes belonging to one gene family 
are sometimes but by no means always located 
close together. For genes involved in the immune 
system, including those for immunoglobulin syn- 
thesis, T cell receptors, and genes in the MHC sys- 
tem, this location has functional significance (Sect. 

7.4.1). 
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5.2.3 Why Do Gene Clusters Exist? 

They Are Traces of Evolutionary History. In some 
cases clustering is simply left over from the evolu- 
tionary history of these genes. Early in evolution 
there was one locus for a given gene. Then gene du- 
plication occurred and offered the opportunity of 
functional diversification. The first duplication paved 
the way for further duplications due to unequal 
crossing over (Sect. 5.2.8) and hence for further func- 
tional specialization. 

With no further chromosomal rearrangements the 
gene clusters remain closely linked. It is unknown 
whether in these cases close linkage is necessary for 
orderly function. While it may be so in some cases, 
this explanation is not needed to explain clustering. 
Evolutionary explanations are sufficient. 

For example, the red and green color vision genes ap- 
pear to have arisen by gene duplication. These genes 
are discussed in Sect. 15.2.1.5. 

Duplication and Clustering May Be Used for Improve- 
ment of Function. The clustering of genes is without 
obvious functional significance. It would be surpris- 
ing, however, if evolution were never to take advan- 
tage of this situation, combining products of such 
gene clusters to form higher functional units. This 
may be the case for the hemoglobin molecule since 
in the ^ cluster the £, y, yS, and d genes are arranged 
in the sequence of their successive activation during 
individual development (Sect. 7.3.2). In the immuno- 
globulins and T cell receptors close linkage of a num- 
ber of genes, possibly a great many, has become im- 
portant functionally (Sect. 7.4), as their gene products 
combine to form various classes of functional mole- 
cules. 



5.2.4 Blood Groups: Rh Complex (111 700), 

Linkage Disequilibrium 

The history of the rhesus blood types provides a fas- 
cinating illustration of how science develops. First, a 
new phenomenon was discovered. Scientists soon 
realized that it eludes explanation by conventional 
concepts. Then a long-lasting scientific controversy 
arose as to the most appropriate extension of these 
concepts. In this controversy, a new explanatory prin- 
ciple was created that survived the controversy in this 
special case, and that could be applied to an increas- 
ing number of other observations. Finally, the pro- 
blem was solved, and the controversy ended - by 
new methods. 

History. In 1939 Levine and Stetson [38] discovered a 
novel antibody in the serum of a woman who had 



just delivered a macerated stillborn child and had re- 
ceived blood transfusions from her ABO-compatible 
husband. Of 101 type 0 bloods only 21 showed a nega- 
tive reaction with this antibody. There was no asso- 
ciation with ABO, MN, or P systems. 

The following year Landsteiner and Wiener [34], im- 
munizing rabbits with the blood of rhesus monkeys, 
obtained an immune serum that gave positive reac- 
tions with the erythrocytes of 39 of 45 individuals. 
Later the antibodies were compared with those of Le- 
vine and Stetson and thought to give reactions with 
the same antigens. This was subsequently found to 
be not quite true, and now the antigen uncovered by 
the true anti-rhesus antibody is called LW -, in honor 
of Landsteiner and Wiener. Rh typing in humans is 
always carried out with sera of human origin, i. e., ac- 
cording to Levine and Stetson’s observation. The fol- 
lowing discussion relates only to reactions with these 
human sera. 

The great practical importance of the rhesus system 
became apparent when transfusion accidents were 
traced to this antibody, and especially when erythro- 
blastosis fetalis, a common hemolytic disease of the 
newborn, was explained by Rh-induced incompatibil- 
ities between mother and fetus. The red blood cells of 
about 85 % of all whites give positive reactions; family 
examinations showed that Rh-positive individuals are 
homozygous Rh/Rh or heterozygous Rh/rh, whereas 
the rh-negative individuals are homozygous rh/rh. 

In 1941 Wiener discovered a different antibody that 
reacted with the cells of 70% of all individuals and 
was independent of the basic Rh factor (Rh', accord- 
ing to Wiener). A third related factor was discovered 
in 1943. These three factors were found in all possible 
combinations with one another, and the combina- 
tions were inherited together. Wiener proposed the 
hypothesis that these serological “factors” are proper- 
ties of “agglutinogens,” and that these agglutinogens 
are determined by one allele each of a series of multi- 
ple alleles. The agglutinogens were thus thought to 
determine the factors in different combinations. This 
descriptive hypothesis is so general that it indeed ex- 
plains all the complexities discovered later. 

Fisher's Hypothesis of Two Closely Linked Loci. 
R. A. Fisher developed a more specific hypothesis. At 
that time another antibody had been detected, anti- 
Hr. In 1943 Fisher (see [61]) examined a tabulation 
prepared by Race, containing the data accumulated 
so far. He recognized that Rh' and Hr were comple- 
mentary. All humans have either Rh', Hr, or both. 
Individuals with both antigens never transmit them 
together to the same child, and a child always re- 
ceives one of the two. Fisher explained these findings 
by proposing one pair of alleles for the two antigens. 
The pair was named C/c. In analogy, an additional 
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pair of alleles D/d was postulated for the original an- 
tigens Rh'^ and rh", and a third pair of alleles for the 
third factor that had been discovered. To explain the 
genetic data close linkage between these three loci 
was assumed. 

Fisher’s hypothesis predicted discovery of the two 
missing complementary antigens d and e. This pre- 
diction was later fulfilled for e but not for d. In devel- 
oping this hypothesis Fisher went one step further. In 
the British population, there are three classes of fre- 
quency of the Rh gene complexes (Figs. 5.9, 5.10). 
Fisher explained this finding by suggesting that the 
rare combinations could have originated from the 
more frequent ones by occasional crossing over. All 
four combinations of the less common class may 
have originated from occasional crossing over be- 
tween the most frequent combinations; not, however, 
CdE. This complex needs inclusion of a second-order 
chromosome. Therefore the hypothesis explains why 
CdE is so rare. Still another prediction is possible. 
In every crossing over leading, on the one hand, to 



1 2 3 




Fig. 5.9. A hypothetical structure of the Rh complex. 1, On 
the basis of the evidence known in 1941; 2, antigens predicted 
by Fisher and Race; 3, antigens discovered; antigen d was not 
found 



Cde, CDE, or cdE the complex cDe must also be pro- 
duced. It follows that the frequency of the three for- 
mer combinations together should equal the frequen- 
cy of cDe. Frequencies actually found were: cDe, 

0. 0257; Cde -h cdE -h CDE, 0.0241 (in blacks, however, 
cDe has a high frequency). 

Furthermore, Fisher believed the sequence of the 
three loci to be D-C-E, since cdE - which must have 
originated by crossing over between D and E from 
the genotype cDE/cde - is much more frequent in 
comparison with this genotype than Cde in relation 
to genotype CDe/cde (crossing over between C and 
D) and CDE in relation to CDe/cDE (crossing over 
between C and E). 

Confirmation and Tentative Interpretation of the Se- 
quential Order. In the half century since Fisher’s hy- 
pothesis many new observations have been made, 
the most important for the question of sequence 
being the combined antigens, for example, ce. These 
compound antigens were all compatible with the se- 
quence D-C-E, whereas no such antigen suggesting 
close linkage between D/d and E/e has emerged. 
Fisher’s hypothesis leads to two questions: 

1. If the rare types have been formed by occasional 
crossing over from the more frequent ones, cases 
of crossing over should occasionally turn up in 
family studies. One such family has indeed been 
reported [76]: the father was CDe/cde, the mother 
cde/cde, four children were cde/cde, and three oth- 
ers CDe/cde, all in concordance with genetic theo- 
ry. The sixth-born child, however, was Cde/cde. 
As the discrepancy involved father and child, it 
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could be argued that the child was illegitimate. 
This, however, was made unlikely by blood and 
serum groups and by the fact that the family be- 
longed to a religious sect with especially strict 
rules against adultery. 

2. How should we envision the structure of the Rh 
gene(s) in the light of evidence from molecular ge- 
netics? There are two possibilities in principle: 

a) The Rh complex is one gene with many muta- 
tional sites. Mutational changes are expressed 
as antigenic differences. 

b) The Rh complex is composed of a number of 
closely linked genes, possibly three, and the 
main antigens reflect genetic variability at these 
genes. One important criterion is the cis-trans 
effect found in mutations affecting the same 
functional gene (Sect. 4.8). As the ce compound 
antigen can be found in cfs-phase CE/ce but 
not in trans-phase Ce/cE, Race and Sanger 
(1969) [60] tentatively concluded that C/c and 
E/e may be located within the same functional 
gene. 

Molecular Basis. The Rh specificities have now been 
identified as membrane polypeptides. Molecular stu- 
dies of the gene(s) have shown that in all D'^ indivi- 
duals, two closely related Rh genes in each haploid 
genome appear to be present. One of these genes is 
missing in D“ individuals [12]. The authors concluded 
that one of the two genes controls the D polypeptide 
whereas the C/c and E/e specificities are coded by 
the second gene. These observations explain at the 
molecular level why no anti-d serum has been found. 
They also confirm the sequence D-C-E postulated by 
Fisher, as well as the above-mentioned conclusion of 
Race and Sanger [60] that C/c and E/e appear to be 
located in the same gene product. However, the case 
has not been definitely closed. It is still possible that 
there are indeed three loci [26]. If there are two loci, 
both original hypotheses were partially correct: the 
specificities C,c,E,e are located within the same 
gene-determined protein, as postulated by Wiener 
(which does not exclude occasional intragenic cross- 
ing over); the D specificity, on the other hand, is loca- 
ted in a second, closely linked gene, as postulated by 
Fisher. Moreover, attempts at understanding genetics 
of the Rh system led to the development of a new 
concept by Fisher that has found widespread applica- 
tion in many fields of human genetics: linkage dis- 
equilibrium. 

Linkage Disequilibrium. Linkage normally does not 
lead to association between certain traits in the popu- 
lation (Sect. 5.1.1). Even if initially there is a nonran- 
dom distribution of linkage phases, repeated crossing 
over randomizes the linkage groups, and in the end 



the coupling and repulsion phases for two linked 
loci are equally frequent. There is linkage equili- 
brium. However, when the population begins with a 
deviation from this equilibrium, for example, because 
two populations with different gene frequencies have 
merged, or because a new mutation has occurred on 
one chromosome, the time required to reach equili- 
brium depends on the closeness of linkage: the closer 
the linkage, the longer the time until equilibrium is 
reached. It is never reached if certain types have a se- 
lective disadvantage. 

A selective disadvantage for certain Rh complexes 
that could lead to their becoming less frequent has 
not been demonstrated so far; selection works against 
heterozygotes (Sect. 12.2.1.4), but this does not mean 
that a general disadvantage has never existed; neither 
has a conclusive explanation in terms of population 
history been postulated. Fisher’s hypothesis, by an- 
swering some questions, has posed a number of oth- 
ers. However, the concept of linkage disequilibrium 
proved to be still more important in the genetic ana- 
lysis of DNA polymorphisms (Sect. 12.1.2) and the 
Major Histocompatibility (MHC) complex: 

5.2.5 Major Histocompatibility Complex [ 73 , 79 ] 

History. It had long been known that skin grafts from 
one individual to another (alio transplants) are usual- 
ly rejected after a short time. In 1927 K.H. Bauer 
[3] observed that rejection does not occur when skin 
is transplanted from one monozygotic twin to the 
other (isotransplant). Such a transplant is accepted 
just as a transplant in the same individual (autotrans- 
plant). This showed the rejection reaction to be ge- 
netically determined. In the following years skin, 
and later kidney, transplantations between monozy- 
gotic twins were occasionally reported. Research on 
histocompatibility antigens in humans began only 
when leukocytes were shown to be useful as test 
cells. 

Dausset observed in 1954 that some sera of poly- 
transfused patients contain agglutinins against leu- 
kocytes. He later showed that sera from seven such 
patients agglutinated leukocytes from about 60% of 
the French population, but not the leukocytes of 
the patients themselves. Twin and family investiga- 
tions soon established that these isoantigens are ge- 
netically determined. Other isoantigens (now part 
of the HLA-B) were discovered by van Rood. An- 
other important achievement was the microlympho- 
cyte toxicity test introduced by Terasaki and 
McClelland in 1964, which is now the most frequent- 
ly used method (Figs. 5.11, 5.12). Subsequently the 
number of detected leukocyte antigens increased ra- 
pidly, and in 1965 it was suggested that most of 
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1 a. Positive reaction: 



2 




Fig. 5,11, Principle of the lymphocytotoxicity test: A cell hav- through the damaged membrane and indicates that the cell 
ing an appropriate antigen reacts with a specific antibody surface antigen has been recognized by a specific antibody 
and complement. As a result, trypan blue enters the cell 



these antigens were components of the same genetic 
system. At the histocompatibility workshop in 1967, 
16 different teams typed identical samples from Ita- 
lian families. Here the basic relationships among 
the different antigens were established. Finally, Kiss- 
meyer-Nielsen [30] proposed the hypothesis of two 
closely linked loci (now A and B) controlling two 
series of alleles. 

More recently, especially since the PGR technique be- 
came available (Sect.3.1.3.5), scientists have begun to 
study MHC genes directly at the DNA level. This has 
led to a splitting up of serologically defined gene 
loci, especially among the class II antigens (HLA D- 
DR; see Fig. 5.13). 

Social Phenomenon: Formation of a “Paradigm 
Group/' The same sociological phenomenon noted 
for linkage studies occurred in histocompatibility re- 
search as well. A group that maintained close con- 
tacts was formed. Special international meetings 
were organized, and direct exchange of information 
was intensified. The third histocompatibility work- 
shop organized by Ceppellini in 1967 played a major 
role in this process. Contacts among research work- 
ers had to be especially intensive, as HLA typing de- 
pends vitally on exchange of antisera. A study on 
this “paradigm” group in the late 1960s and early 



1970s and the role played by research workers such 
as Bodmer, Dausset, Ceppellini, Kissmeyer-Nielsen, 
van Rood, and Terasaki in the development of its ac- 
tivities would be of much interest for the history 
and sociology of modern biological research. Rapid 
progress in this field was fueled not only by the in- 
trinsic scientific interest but also by the hope that 
success rates in organ transplantations could be im- 
proved. 

Main Components of the MHC on Chromosome 6 . The 
linkage group of the MHC is presented in Fig. 5.13. 
There are now three classes of MHC antigens. As re- 
vealed by studies using mainly molecular methods, 
each class can be subdivided into a great number of 
subclasses which are not described here (for details 
see [81]). Class I comprises the HLA-B, HLA-C, and 
HLA- A loci (in this order). In class II the HLA-D) 
loci are found together with some other related, tran- 
scribed areas. Between these two classes a heteroge- 
neous group of genes is located which have been 
named MHC class III despite the fact that at least 
some of these genes, such as those for 21-hydroxylase 
appear to have no functional relationship to the MHC 
system. 

The function of this system has been elucidated; it 
plays an important role in the immune response and 
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Fig. 5.12 a, b. Lymphocytotoxicity test, a Positive reaction, 
b Negative reaction. Positive reaction is indicated by staining 
of the cells. (Courtesy of Dr. J. Greiner) 



is described in Sect. 7.4. Here only some genetic as- 
pects are considered. 

Table 5.1 presents a survey, together with allele fre- 
quencies (See also Figs. 5.14; 5.15). The concept of 
four series of alleles is based on the following lines 
of evidence: 

a) No individual possesses more than two antigens 
from any of the series. 

b) Recombination between these series has been ob- 
served, for example, between the loci for A and B 
series, 40 crossovers among 4614 meiotic divi- 
sions were described up to 1975, giving a com- 
bined (9 + recombination frequency of 40/ 
4614 = 0.0087 = 0*87 cM. Ten A-B recombinants 
informative for the C series have been reported. 
In eight of these the C antigen followed B, and in 
two it followed A. Therefore C is located between 
A and B, closer to B. 

c) When two antigens from the same series are pre- 
sent together in a parent, he or she always trans- 
mits one of them - never both or none - to the 
child. The segregation ratio is 0.5, corresponding 
to a simple codominant mode of inheritance. 

d) Hardy- Weinberg proportions have been demon- 
strated for each of the allele series separately in 
large population samples. 



e) Serological cross reactions occur almost exclu- 
sively within the series, not between them. This 
points to a close biochemical relationship of the 
antigens within a given series. Figure 5.14 shows 
transmission en bloc to four of the five children 
examined and crossing over between A and C in 
a fifth child. 

Complement Components. Complement consists of a 
series of at least ten different factors present in fresh 
serum. The factors are called Ci, C2, C3, etc., and Ci 
is activated by antibodies that react to their corre- 
sponding antigens. Then Ci activates C4, this acti- 
vates C2, and so on. The end result of this “comple- 
ment cascade” is damage to the cell membrane carry- 
ing the antigen and often lysis of the cell. Moreover, 
activated complement components have a number of 
other biological properties, such as chemotaxis or 
histamine release. They are important immune med- 
iators in the body’s defense against microbial infec- 
tion. 

The complement system can be activated not only via 
Cl (the classic pathway) but also via C3 through an 
alternative pathway involving the “properdin fac- 
tors.” The factor B(BF) acts as “proactivator” for 

C3. 

For some of the complement factors hereditary defi- 
ciencies have been described, and polymorphisms 
are known. C2, C3, and C4, are polymorphic. The 
loci of C2 and C4 A and B are in class III, together 
with the properdin factor B with the main alleles BF^ 
and BF^. The locus for C3, on the other hand, is lo- 
cated on chromosome 19. 

Significance of HLA in Transplantation. One of the 
main motives for rapid development of our knowl- 
edge of HLA antigens has been the hope of improving 
the survival rate of transplanted organs, primarily 
kidneys. Indeed, kidneys from HLA-identical and 
ABO-compatible siblings have a survival rate in the 
recipient almost equaling that of monozygotic twins. 
The survival rate is worse in unrelated recipients 
even if HLA matching is as perfect as possible, and 
ABO compatibility is secured. This shows that, apart 
from the major histocompatibility system - the HLA 
system - there must be other systems of importance 
for graft survival. This is not surprising. A great 
number of such systems are known in the mouse. 
These systems lead to host-versus-graft reactions in 
almost all transplantations (Fig. 5.16). These reac- 
tions, however, can frequently be managed by immu- 
nosuppressive therapy. The chances for survival, and 
the survival times, of transplanted kidneys have in- 
creased substantially. The same is true for transplan- 
tation of other organs, such as heart, liver, and pan- 
creas. 
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Region of MHC class I gene loci (HLA-A, B, C, E, F, G) 
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Fig. 5.13 a-d. Sequence MHC class I, II, and III genes on the 
short arm of chromosome 6. a-c Detailed view of the three 
regions, together with their subregions, d Overview of ap- 
prox. 4000 kb. TMy Telomere; CM, centromere. Letters, num- 



Considering the high degree of polymorphism and 
the low gene frequencies of HLA alleles, successful 
matching of potential recipients with donor kidneys 
from others than sibs requires large-scale interna- 
tional organizations. Such organizations have now 
been founded. Once kidneys - or other transplantable 
organs - become available due to the accidental death 
of an individual, a center is notified in which persons 
in need of such an organ are registered, together with 



bers, and their combinations, the genes and their subregions. 
Genes of class III (HSP-70, DAT, C2/OH, CT) have no direct 
functional relationship with the immune response. (From Al- 
bert 1993 [1]) 



their HLA status. The donor is typed, and the recipi- 
ent whose HLA status best fits receives the organ. 

Linkage Disequilibrium. One of the most conspicuous 
properties of the HLA system is that some HLA al- 
leles tend to occur more frequently together than ex- 
pected by chance. Table 5.2 shows some examples. 
The Ai,B8 haplotype, for example, occurs about five 
times as often as expected. 
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Table 5.1. Gene frequencies (percentages) of HLA-A, -B, -C, -DR, and DQ traits in various populations (from Albert 1994 [1]) 



HLA 


Europeans 


Orientals 


Africans 


HLA 


Europeans 


Orientals 


Africans 


A1 


14.2 


1.0 


8.1 


B56 


l.l 


L5 


0.3 


A2 


28,9 


28.1 


17.5 


B57 


2.9 


0.7 


2.9 


A3 


13,2 


1.5 


6.7 


B58 


0 


1.2 


0 


All 


6.3 


n.7 


1.9 


B60 


3.8 


6.5 


2.3 


A23 


L4 


0.1 


8.0 


B61 


2.1 


11.7 


1.5 


A24 


10.3 


31.4 


4.8 


B62 


6.1 


9.6 


2.6 


A25 


2.4 


0 


0 


B63 


0.7 


0 


1.9 


A26 


3.2 


7.2 


4.5 


B64 


1.1 


0 


1.3 


A28 


4.7 


2.1 


9.9 


B65 


2.6 


0.2 


1,6 


A29 


2.9 


0.4 


4.9 


B57 


0 


0.1 


0 


A30 


3.5 


2.3 


11.0 


B71 


0.1 


0.4 


0.8 


A31 


2.9 


5.2 


1.6 


B72 


0.3 


0.5 


7.1 


A32 


3.9 


0.4 


2.3 


B73 


0.1 


0.2 
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A33 


1.4 


6.0 


3.9 


BX 
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1.6 


1.3 


A34 


O.l 


0.3 


5.1 
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5.5 
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CwS 


3,7 
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0.3 


4.2 


CX 
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L6 
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2.3 
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10.7 
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1.1 
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DRX 


7.9 


13.2 


5.3 
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6.2 


7.8 


1.9 
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DQl 
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18,1 


5.0 
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Consider two alleles at two linked loci, with frequen- 
cies pi and With free recombination between 
them their combined frequency, i.e., the haplotype 
frequency h, should be x p^. If such a result is ob- 
tained, the two loci are said to be in linkage equili- 
brium. If the haplotype frequency h is higher than 
expected with free recombination, there is linkage 
disequilibrium (Zl, deviation from linkage equili- 
brium), which is often symbolized as zl = h — pj)^. 
Haplotype and gene frequencies can be estimated 
from family and population data. In families the hap- 



lotypes of parents can in most cases be derived from 
those of their children. In the family shown in 
Fig. 5.14, for example, one of the maternal haplotypes 
should be 3, 1, 22, as she has transmitted it to three 
of her children. Frequencies of the single alleles can 
be deduced from the same sample of unrelated par- 
ents, and the extent of linkage disequilibrium A can 
be calculated. In a sample from a random mating po- 
pulation, deviation from linkage equilibrium can be 
tested in a 2 X 2 table by the test as shown in Ta- 
ble 5.3 for a Danish sample [79]. 
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Fig. 5.14. Pedigree with crossing over between the HLA-A for the haplotype 1, 2, 27 in the fifth child. (From Svejgaard 

and HLA-C genes within the MHC. Crossing over between A et al. 1975 [79]) 

and C must have occurred in the father’s germ line, making 




Fig. 5.15. Arrangement of class I (HLA-A, B, C) and class II croglobulin; CHO, carbohydrate. (From Kampe et al. 1983 
antigen (HLA-D/DR) domains which may yield similar over- [27]) 
all structures. Roman numerals denote domains, / 3 -Mi- 




Fig. 5.16. Simplified diagram of the activation of the immune cytes. This leads to activation of cellular and tumor immune 

system by a kidney allotransplant. The transplant is recog- response. (From Svejgaard et al. 1975 [79]) 

nized as foreign to the host organism by its T and B lympho- 
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Table 5.2. Linkage disequilibrium (gametic association; from 
Svejgaard, 1975 [889]) 



Haplotype 




Frequency (%) 


A B 


D 


Observed 


Expected 


Al B8 




9.8 


2.1 


A3 B7 




5.4 


2.1 


B8 


Dw3 


8.6 


1.4 


B7 


Dw2 


3.9 


1.8 



The expected haplotype frequencies were calculated under 
the assumption of no association. 



Table 5.3. Association of HLA-Ai and B8 in unrelated Danes 
(2x2 table; from Svejgaard et al. 1975 [79]) 





Number of individuals 


Total 




B8* 


BS- 




Al* 


376 


235 


611 


AT 


91 


1265 


1356 


Total 


467 


1500 


1967 


The table is 


often given 


as follows: 





In the HLA system the deviations from linkage equili- 
brium are indeed striking. The situation is similar to 
that encountered with the Rh system (Sect. 5.2.4), but 
there is one important difference: in the Rh system 
only one case of recombination has been discovered, 
whereas many cases are known for the HLA system. 
Hence, genetic data point to much closer linkage in 
the Rh system than among the MHC genes. This con- 
clusion has been corroborated by molecular studies 
in both systems (see above). 

The observation of linkage disequilibrium - together 
with identification of immune response (Ir) genes in 
the mouse - initiated the investigations of HLA asso- 
ciations with diseases (Sect. 6.2.3). 

Linkage disequilibrium may have either of two main 
causes: 

1. Two populations homozygous for different haplo- 
types mixed a relatively short time ago, and repeat- 
ed crossing over at a low rate has so far not been 
sufficient to lead to random distribution of alleles. 

2. Certain combinations of alleles on closely linked 
gene loci caused a selective advantage for their 
bearers and have therefore been preserved. 

To be able to decide between these two possibilities 
Bodmer (1972) [6] calculated how long a linkage dis- 
equilibrium would need to disappear in a random 
mating population. 

For these calculations he used the work of Jennings 
(1917), according to which A decreases to zero at a 
rate of i -0 per generation, where 0 is the recombi- 
nation fraction between the two loci. Between the 
HLA-A and HLA-B loci 0 was found to be of the or- 
der of magnitude of 0.008. Taking linkage disequili- 
brium between HLA-Ai and B8 as an example, A va- 
lues of about 0.06-0.1 have been found in European 
populations. On the other hand, A values between 
0.01-0.02 are not statistically significant with reason- 
able sample sizes. Therefore it is meaningful to exam- 
ine how many generations are needed to reduce A 
from 0.1 by a factor of 5 to 0.02. 



First Second 

antigen antigen +/+ +/- -/+ Total 

a b c d M 

Al B8 376 235 91 1265 1%7 

where, for example, +/- means number of individuals pos- 
sessing the first character (Ai) and lacking the second (B8). 
The is: 

y2 = (ad-bc)^N ^ 

(a + b)(c + d)(a + c)(b + d) 

corresponding to the correlation coefficient: 

r = v^p7« = V699.4/1967 = 0.60 

Gene frequencies for Ai and B8 can be calculated by Bern- 
stein’s formula: 

p = I - \/l — « 

(where a is the antigen frequency) as 0.170 and 0.127, respec- 
tively. 

The A value can be calculated by the formula 
= 0.077 

\ n \ tr 

Thus, the frequency of the HLA-Ai, B8 haplotype is 
^Ai, B8 ~ pAi Pb 8 ^Ai, B8 ~ 0.170 X 0.127 + 0.077 = 0.099. 

Using the above principle of Jennings, we obtain: 

(1 - 0 Y = (1 - 0.008)” = 1/5; n - 200 

This means that A would be reduced to an insignifi- 
cant value within about 200 generations of random 
mating, i. e. 5000 years, taking a generation as around 
25 years. 

This period is approximately the length of time since 
agriculture first came to parts of northern Europe 
and is certainly a very short time considering the 
evolutionary life span of the human species. The fact 
that such a significant A could be eroded in so short 
a time in the absence of selection suggests at least 
that this particular combination of HLA-Ai, B8 is 



Gene Loci Located Close to Each Other and Having Related Functions 187 



being maintained at its comparatively high frequency 
by some sort of interactive selection [584]. We con- 
sider it likely that selection will also be found to ex- 
plain some of the other common cases of linkage dis- 
equilibrium and that the effect of recent population 
mixture will be shown to be of minor importance. 
Certain haplotypes seem to have a selective advan- 
tage that keeps them more frequent than others. 
This selective advantage, on the other hand, cannot 
be directly related to the diseases for which associa- 
tions have been shown so far, as they are too rare. Be- 
sides, the onset of most of them is usually delayed 
until after the age of reproduction. Infectious disea- 
ses have probably been the most important selective 
forces for maintaining the MHC polymorphism as 
well as linkage disequilibrium. This topic is discussed 
in Sects. 6.2.3; 12.1.2). 

The Normal Function of the System. The HLA deter- 
minants are localized at the surface of the cell and 
are strong antigens. They exhibit the most pro- 
nounced polymorphism of expressed genes known 
so far in humans, with abundant linkage disequili- 
brium. Disease associations have been shown be- 
tween HLA antigens and diseases for which an auto- 
immune mechanism had previously been suspected. 
Furthermore, similar systems are known in all other 
mammals examined so far (see [1]). Finally, there is 
close linkage with other loci concerned with the im- 
mune response. All this evidence together is very 
suggestive of a system that regulates the contact of 
cells with their environment. In recent years, this 
function has been elucidated in detail (see Sect. 7.4). 
These genes are important mediators of the immune 
reaction. Such cell recognition mechanisms may be 
important in embryonic development and differentia- 
tion, especially when they are present on only certain 
cell types. However, such hypothesis would not ex- 
plain the selective advantage of the high degree of 
polymorphism in this system. 

Another possible function is protection against viral 
or bacterial infection. Antigenic material of human 
origin may be incorporated in the outer membrane 
of the virus, which is thereby made less recognizable 
to another human host. However, if the virus con- 
tains MHC material from a genetically different indi- 
vidual, it is more readily inactivated by the immune 
system. Such a mechanism would also explain why 
the extreme polymorphism of the MHC system has a 
selective advantage. Further elucidation of the MHC 
will teach us a great deal about how the organism 
handles its interaction with the environment. This 
knowledge is important to our understanding of 
how natural selection has shaped our genetic consti- 
tution in the past, and how recent changes in our en- 
vironment may influence it in the future. 



To broaden the empirical basis for such understand- 
ing, however, it may be useful to ask whether there 
are other examples in nature of such gene clusters 
with related functions? Can their analysis provide us 
with hints for a better understanding of the MHC 
cluster? There is indeed one such example that has al- 
ready been analyzed very carefully - mimicry in but- 
terflies [857]. It cannot described here for lack of 
space, since it has no direct relationship with human 
genetics. But for the reader interested in more gener- 
al, philosophical aspects of science, it is highly inter- 
esting showing how certain general principles may 
be used by nature in quite different contexts (See 
also earlier editions of this book). 



5.2.6 Genes with Related Functions 
on the Human X Chromosome? 

Unlike the autosomes, the X chromosome has re- 
mained relatively unchanged during mammalian 
evolution. There is good evidence pointing to 
homology among different species [53]. The X chro- 
mosome has the unique feature that it is present in 
one copy in the male and in two copies in the female 
- a difference that is not entirely compensated for by 
X inactivation (Sect.2.2.3.3). Is there any hint that X- 
linked genes are a nonrandom sample of all human 
genes? Do they show any peculiarities? This question 
has been examined by classifying all known X- 
linked and autosomal mutations into four categories 
[82]: 

1. Those affecting the sense organs (eye, inner ear), 
skin, and teeth. 

2. Those affecting the brain and nervous system. 

3. Structural anomalies of the skeleton, muscles and 
connective tissue, of inner organs systems such as 
heart and digestive tract; cell surface antigens 
(blood and histocompatibility antigens), and tu- 
mors. 

4. Genes affecting metabolism; blood clotting and 
other hematological diseases; enzyme and serum 
and protein polymorphisms; endocrinological dis- 
orders; an increasing number of these genes have 
been discovered by molecular methods, without 
the help of known mutations. 

Figure 5.17 shows the result, which is based on more 
than 2000 gene loci: categories 1 and 2 are much 
more frequent in X-linked mutations. In addition, ca- 
tegory 4 contains a number of X-linked mutations in- 
fluencing endocrine functions of the neuropituitary 
that with equal justification could be included in ca- 
tegory 2. Hence, the “higher” functions of the nerv- 
ous system and sense organs seem to be overrepre- 
sented on the human X chromosome, whereas genetic 
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Fig. 5.17. Possible clustering of mutations affecting sense or- 
gans, skin, teeth, and the nervous system on the human X 
chromosome. Four groups of phenotypes in 1029 autosomal 



X-linked mutations 

and 92 X-linked mutations. Only confirmed mutations. 
(From [41]) 



specification of metabolic processes, but to some de- 
gree also of body structure, is underrepresented. 
Ascertainment and classification of human mutations 
have never been very systematic. The conditions for 
recognizing X-linked genes differ from those for au- 
tosomal ones. This bias could simulate a difference 
between the X chromosome and the autosomes. How- 
ever, a paucity of X-linked genes is very likely for me- 
tabolic processes. In DrosophilUy where ascertainment 
can be better controlled, significant nonrandomness 
of mutations affecting various organ systems has 
been described [16]. Should the difference between 
X chromosome and autosomes in humans prove to 
be real, the following questions arise: has this differ- 
ence anything to do with the special properties of X- 
linked genes in the regulation of gene action? Do 
these genes run a lower risk of becoming recessive le- 
thals by mutation? Has this been an important selec- 
tive advantage? Or is this clustering merely the trace 
of the evolutionary history of these genes? 

5.2.7 Unequal Crossing Over 

Discovery of Unequal Crossing Over. In the early years 
of work with Drosophila some authors observed that 
the bar mutation, an X-linked dominant character, 
occasionally reverts to normal, whereas in other 
cases homozygotes for the allele produce offspring 
with a new and more extreme allele, later called 
“double bar.” Sturtevant (1925) [78] showed that this 
peculiar behavior is not due to mutations but to un- 
equal crossing over, producing, on the one hand, a 



chromosome with two bar loci (double bar) and, on 
the other, a chromosome with no bar locus at all. 
When the giant salivary chromosomes of Drosophila 
permitted visual testing of genetic hypotheses. 
Bridges (1936) [9] showed that the simple, dominant 
bar mutation is caused by a duplication of some 
chromosomal bands. The reversion corresponds to 
the unduplicated state, whereas double bar is caused 
by a triplication of that band. Both reversion and tri- 
plication can be produced by a single event of un- 
equal crossing over. Bridges did not yet formulate 
clearly the obvious reason for this event: the mispair- 
ing of “structure-homologous” but not “position 
homologous” chromosome sites (Fig. 5.18). 

Unequal Crossing Over in Human Genetics. Haptoglo- 
bin [8], a transport protein for hemoglobin, is found 
in the blood serum and shows a polymorphism, the 
most common alleles being HP^^, HP^^ and HP"^. 
Smithies et al. (1962) [72] discovered that the allele 
HP^ is almost twice the length of each of the two al- 
leles HP^^ and HP^^, as evidenced by the composition 
of its polypeptide chain. In the HP^ chain the amino 
acid sequence of the HP^ chain is repeated almost 
completely. They concluded that the HP^ allele might 
have been produced by gene duplication. Moreover, 
they predicted that unequal crossing over might 
again occur with a relatively high probability between 
HP^ alleles, producing, on the one hand, an allele si- 
milar to HP^ and, on the other, an allele comprising 
the genetic information almost in triplicate. Repeated 
occurrence of this event might lead to still longer al- 
leles and hence to a polymorphism of allele lengths 
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Fig. 5.18 a-c. The principle of unequal crossing over, a Nor- 
mal pairing and crossing over. The two genes and are 
assumed to have very similar DNA sequences, b Genes b^ 

in the population. Indeed, such alleles have occasion- 
ally been observed and are known as Johnson-type 
alleles [74]. 

There is an essential difference between the first 
unique event that produces the almost double-sized 
gene (for example, HP^) from a single gene HP^ and 
the unequal but homologous crossing over that be- 
comes possible as soon as the first duplicated allele 
is present in the population [32]. 

First Event. Given a pair of homologous chromo- 
somes, both partner chromosomes consist of largely 
identical sequences of nucleotides. Normally these 
partner chromosomes pair at meiosis, and there 
can be no unequal crossing over. To allow mispair- 
ing and thus unequal crossing over, an initial dupli- 
cation is necessary. Mechanisms for such a duplica- 
tion are known in cytogenetics, the simplest being 
two breaks at slightly different sites in adjacent 
homologous chromatids during meiosis and subse- 
quent crosswise reunion. Another mechanism would 
be mispairing due to homology of short base se- 
quences in nonhomologous positions. Our present 
knowledge of the structure of DNA sequences sug- 
gests ample opportunities for such a mispairing 
(slippage). 

If the sites of breakage are separated only by the 
length of one structural gene, this event results in 
two gametes that do not contain this gene at all, toge- 
ther with two others containing it in duplicate 
(Fig. 5.19). The gametes containing a relatively large 



a b2 c 

and b^ are pairing. This leads to a shift of the two homolo- 
gous chromosomes relative to each other, c Such pairing re- 
quires formation of two loops in the upper chromosome 

deletion have a high risk of not being transmitted be- 
cause of lethality of the ensuing embryo. On the other 
hand, a gamete with the duplication is likely to devel- 
op into a diploid individual, providing for the first 
time a chance for mispairing of homologous sequen- 
ces and therefore for unequal crossing over. 

Consequences of Unequal Crossing Over. The conse- 
quences are seen in Fig. 5.19. As long as the duplica- 
tion remains heterozygous, all gametes contain either 
one or two copies of the duplicated gene. When the 
duplication becomes homozygous, however, larger al- 
lele sequences may be formed. Unequal crossing over 
may lead, on the one hand, to gametes with only one 
copy and, on the other, to gametes containing three, 
and in subsequent generations, more than three co- 
pies (Figs. 5.19, 5.20). 

If the probability of unequal crossing over is not too 
low, high variability is soon found in the number of 
homologous chromosomal segments that resemble 
each other in structure but not in position. If selec- 
tion favors a certain number of such chromosomal 
segments, which may be as small as a single gene, 
this number soon becomes the most common one. 
Selection relaxation leads to an increase in variability 
in both directions: the proportion of individuals with 
a very high number of such genes as well as those 
with a low gene number gradually increases [32]. An- 
other genetic mechanism resembling unequal cross- 
ing over in some aspects is gene conversion where 
nonreciprocal products result. 
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a Homologous unequal crossing over 

if the primary duplication is heterozygous 




or or 




b Homologous unequal crossing over if 
the primary duplication is homozygous 




Fig. 5.19 a, b. Unequal crossing over between structure- 
homologous but not position-homologous genes, a Unequal 
crossing over always leads to one crossover product with 
two genes b (b^b or bb^) and to another with only one gene 



Crossover products 



a b c 

I 1 1 — ^ 1 1 

I 1 1 1 

a b2 c 



a b b2 c 

I 1 1 1 1 

I 1 \ 1 

a b^ c 



a b^ b^ b2 c 

I 1 \ 1 1 1 



a b2 c 

or 

a b^ c 

I 1 ^ 1 

I 1 1 1 1 1 

Q b ^ b2 b2 c 

(b). Formation of larger allele sequences becomes possible if 
the primary duplication is homozygous. In this case a chro- 
mosome with three alleles b (b^ b^ b^ or b^ b^ b^) may be 
formed (From Kruger and Vogel 1975 [32]) 



Germ 

cells 




a b, by b, bn, c 



Fig. 5.20. The consequence of unequal crossing 
over. In subsequent generations chromosomes 
with (theoretically) unlimited numbers of a al- 
leles may be formed. Unequal crossing over 
between any of them may lead to still larger (or 
still shorter) haplotypes. b^ . . . . . . b„ refer to 

homologous genes 



Other examples besides the haptoglobin genes are the 
closely linked hemoglobin /?- and d-genes and the 
color vision pigment locus (Sect. 15.2.1.5). Here the 
Lepore-type mutants and the X-linked color vision 
genes may be caused by unequal crossing over 
(Fig. 7.49). Moreover, there are many examples for 
moderately or highly repetitive DNA sequences with- 
in which unequal crossing over should be possible. 
The presence of short repetitive DNA sequences 
such as minisatellites (Sect. 12.1.2) provides ample op- 



portunities for pairing ‘slippage,’ leading to unequal 
crossing over. The high mutation rate within such 
areas (sometimes even a few percent per meiosis 
(Sect. 12.1.2) a well as the resulting huge interindivi- 
dual variability show that this is not merely a theore- 
tical speculation. Other repeated DNA sequences are 
those coding for the immunoglobulins (Sect. 7.4). In- 
creasing knowledge of the functional significance of 
repeated DNA sequences will bring a better under- 
standing of the significance of unequal crossing over. 
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Intrachromosomal Unequal Crossing Over. With 
structure-homologous but not position-homologous 
genes, such as those found in multigene families 
(Sect. 3.1.3.10), unequal crossing over becomes possi- 
ble not only between homologous chromosomes but 
also between sister chromatids (intrachromosomal 
unequal crossing over). Theoretical considerations 
have shown that this process could have played a 
role in molecular evolution [29]. 

Conclusions 

A few years after the rediscovery of MendeTs laws 
early in the twentieth century the first exception to 
MendeTs third law (independent segregation) was 
discovered: genes located sufficiently close to one 
other on the same chromosomes often segregate to- 
gether - they are linked. The frequency of recombi- 
nation increases with increasing distance between 
these genes. Genes on the same chromosomes but 
located far apart from each other, however, may 
even segregate independently if the distance be- 
tween them is greater - these are syntenic, but not 
linked. A great number of genetic markers are avail- 
able for localizing human genes, and statistical 
methods for assessing linkage in the human genome 
and determining the distance between gene loci 
have been developed. Methods from cell, biochemi- 
cal, and molecular genetics have helped in localiz- 
ing genes to specific chromosomes and chromo- 
some segments. Such techniques make it possible 
to localize genes for both normal and abnormal 
traits and to define the nature of such genes by po- 
sitional cloning. The identification of genes involved 
in susceptibilities to common diseases with complex 
causes by linkage studies remains a major chal- 
lenge. 

While genes involved in the same biochemical path- 
ways are seldom located close together, some clusters 
of closely linked genes exist that have related func- 
tions; the genes of the major histocompatibility com- 
plex, for example, have been analyzed particularly 
thoroughly. 



References 

1. Albert E (1993) Immungenetik. In: Gemsa, Resch (eds) 
Lehrbuch der Immunologie. Thieme, Stuttgart 

2. Bateson W, Saunders, Punnett RG (1908) Confirmations 
and extensions of MendeTs principles in other animals 
and plants. Report to the Evolution Committee of the 
Royal Society, London 

3. Bauer KH (1927) Homoiotransplantation von Epidermis 
bei eineiigen Zwillingen. Beitr Klin Chir 141 : 442-447 



4. Bernstein F (1931) Zur Grundlegung der Chromosomen- 
theorie der Vererbung beim Menschen. Z Induktive Ab- 
stammungs Vererbungslehre 57 : 113-138 

5. Bishop MJ (1994) Guide to human genome computing. 
Academic, London 

6. Bodmer WF (1972) Population genetics of the HL-A sys- 
tem: retrospect and prospect. In: Dausset J, Colombani J 
(eds) Histocompatibility testing. Munksgaard, Copenha- 
gen, pp 611-617 

7. Botstein D, White RL, Skolnick M, Davis RW (1980) Con- 
struction of a genetic linkage map in man using restric- 
tion fragment length polymorphisms. Am J Hum Genet 
32 : 314-331 

8. Bowman BH, Kurosky A (1982) Haptoglobin: the evolu- 
tionary product of duplication, unequal crossing over, 
and point mutation. Adv Hum Genet 12 : 189-261 

9. Bridges CB (1936) The bar “gene,” a duplication. Science 
83 : 210 

10. Cantor RM, Rotter JI (1992) Analysis of genetic data: 
methods and interpretation. In: King A, Rotter JI, Motuls- 
ky AG (eds) The genetic basis of common diseases. Ox- 
ford University Press, New York, pp 49-70 

11. Chadefaux B, Allord D, Rethore MO, Raoul O, Poissonier 
M, Gilgenkrantz S, Cheruy C, Jerome H (1984) Assign- 
ment of human phosphoribosylglycinamide synthetase 
locus to region 21 q 22.1. Hum Genet 66 : 190-192 

12. Colin Y, Cherif-Zahar B, LeVankim C et al (1991) Genetic 
basis of the RhD-positive and the RhD-negative blood 
group polymorphism as determined by Southern analy- 
sis. Blood 78 : 2747-2752 

13. Dausset J, Cann H, Cohen D et al (1990) Centre d’etudes 
du polymorphisme humain (CEPH): collaborative genetic 
mapping of the human genome. Genomics 6 : 575-577 

14. Donahue RP, Bias WB, Renwick JH, McKusick VA (1968) 
Probable assignment of the Duffy blood-group locus to 
chromosome 1 in man. Proc Natl Acad Sci USA 61 : 949 

15. Donis-Keller H, Green P, Helms C et al (1987) A genetic 
linkage map of the human genome. Cell 51 : 319-337 

16. Elston RC, Glassman E (1967) An approach to the pro- 
blem of whether clustering of functionally related genes 
occurs in higher organisms. Genet Res 9 : 141-147 

17. Ferguson-Smith MA (1966) X-Y chromosomal inter- 
change in the aetiology of true hermaphroditism and of 
XX Klinefelter’s syndrome. Lancet 2 : 475-476 

18. Gerhard DS, Kidd KK, Kidd JR, Egeland JA (1984) Identi- 
fication of a recent recombination event within the hu- 
man | 3 -globin gene cluster. Proc Natl Acad Sci USA 

81 : 7875-7879 

19. Gusella JF, Wexler NS, Conneally PM, Naylor SL, Ander- 
son MA, Tanzi RE, Watkins PC, Ottina C, Wallace MR, Sa- 
kaguchi AY, Young AB, Shoulson I, Bonilla E, Martin JB 
(1983) A polymorphic DNA marker genetically linked to 
Huntington’s disease. Nature 306 : 234-238 

20. Gusella JF, Tanzi RE, Anderson MA, Hobbs W, Gibbons K, 
Raschtchian R, Gilliam TC, Wallace MR, Wexler NS, Con- 
neally PM (1984) DNA markers for nervous system disea- 
ses. Science 225 : 1320-1326 

21. Haldane JBS (1922) Sex ratio and unisexual sterility in hy- 
brid animals. J Genet 12 : 101-109 

22. Haldane JBS, Smith CAB (1947) A new estimate of the 
linkage between the genes for colour blindness and hae- 
mophilia in man. Ann Eugen 14 : 10-31 

23. Harris H (1970) Cell fusion. Clarendon, Oxford 



192 Formal Genetics of Humans: Linkage Analysis and Gene Clusters 



24. Harris H, Watkins JF (1965) Hybrid cells from mouse and 
man: artificial heterokyryons of mammalian cells from 
different species. Nature 205 : 640 

24 a. Houwen RHJ, Baharloo S, Blankenship K et al. (1994) 
Genome screening by searching for shared segments: 
mapping a gene for benign recurrent intrahepatic choles- 
tasis. Nature [Genet] 8 : 380-386 

25. Jeffreys AJ, Wilson V, Thein SL (1985) Hypervariable 
“minisatellite” regions in human DNA. Nature 314 : 67-73 

26. Kajii E, Umenishi F, Iwamoto S, Ikemoto S (1993) Isola- 
tion of a new cDNA clone encoding an Rh polypeptide as- 
sociated with the Rh blood group system. Hum Genet 
91 : 157-162 

27. Kampe O, Larhammer D, Wiwan k, Scheuning L, Claes- 
son L, Gustafsson K, Paabo S, Hyldig-Nielsen JJ, Rask L, 
Peterson PA (1983) Molecular analysis of MHC antigens. 
In: Moller E, Moller G (eds) Genetics of the immune re- 
sponse. Plenum, New York, pp 61-79 

28. Kang S-S, Wong PWK, Susmano A et al (1991) Thermola- 
bile methylenetetrahydrofolate reductase: an inherited 
risk factor for coronary artery disease. Am J Hum Genet 

48 : 536-545 

29. Kimura M (1983) The neutral theory of molecular evolu- 
tion. Cambridge University Press, Cambridge 

30. Kissmeyer-Nielsen F (ed) (1975) Histocompatibility test- 
ing 1975. Munksgaard, Copenhagen 

31. Knippers R, Philippsen P, Schafer KP, Fanning E (1990) 
Molekulare Genetik, 5 th edn. Thieme, Stuttgart 

32. Kruger J, Vogel F (1975) Population genetics of unequal 
crossing over. J Mol Evol 4 : 201-247 

33. Kurnit DM (1979) Down syndrome: gene dosage at the 
transcriptional level in skin fibroblasts. Proc Natl Acad 
Sci USA 76 : 2372-2375 

34. Landsteiner K, Wiener AS (1940) An agglutinable factor 
in human blood recognized by immune sera for rhesus 
blood. Proc Soc Exp Biol Med 43 : 223 

35. Lange K, Boehnke M (1982) How many polymorphic 
genes will it take to span the human genome? Am J Hum 
Genet 34 : 842-845 

36. Lange K, Page BM, Elston RC (1975) Age trends in human 
chiasma frequencies and recombination fractions. I. 
Chiasma frequencies. Am J Hum Genet 27 : 410-418 

37. Lele KP, Penrose LS, Stallard HB (1963) Chromosome de- 
letion in a case of retinoblastoma. Ann Hum Genet 
27 : 171 

38. Levine P, Stetson RE (1939) An unusual case of intragroup 
agglutination. JAMA 113 : 126-127 

39. Lewis EB (1951) Pseudo allelism and gene evolution. Cold 
Spring Harbor Symp Quant Biol 16 : 159-174 

40. McClintock B (1944) The relation of homozygous defi- 
ciencies to mutations and allelic series in maize. Genetics 
29 : 478-502 

41. McKusick VA (1995) Mendelian inheritance in man, nth 
edn. Johns Hopkins University Press, Baltimore 

42. Migeon BR, Miller SC (1968) Human-mouse somatic cell 
hybrids with single human chromosome (group E): link 
with thymidine kinase activity. Science 162 : 1005-1006 

43. Mittwoch U (1992) Sex determination and sex reversal: 
genotype, phenotype, dogma and semantics. Hum Genet 

89 : 467-479 

44. Mohr J (1954) A study of linkage in man. Munksgaard, 
Copenhagen (Opera ex domo biologiae hereditariae hu- 
manae universitatis hafniensis 33) 



45. Morgan TH (1910) Sex-limited inheritance in drosophila. 
Science 32 : 120-122 

46. Morton NE (1955) Sequential tests for the detection of 
linkage. Am J Hum Genet 7 : 277-318 

47. Morton NE (1956) The detection and estimation of link- 
age between the genes for elliptocytosis and the Rh blood 
type, am J Hum Genet 8 : 80-96 

48. Morton NE (1957) Further scoring types in sequential 
tests, with a critical review of autosomal and partial sex 
linkage in man. Am J Hum Genet 9 : 55-75 

49. Morton NE (1976) Genetic markers in atherosclerosis: a 
review. J Med Genet 13 : 81-90 

50. Morton NE (1993) Genetic epidemiology. Annu Rev Genet 
27 : 521-538 

51. Morton NE, Collins A (1990) Standard maps of chromo- 
some 10. Ann Hum Genet 54 : 235-251 

52. Murray JC, Mills KA, Demopulos CM, Hornung S, Mo- 
tulsky AG (1984) Linkage disequilibrium and evolution- 
ary relationships of DNA variants (RFLPs) at the serum 
albumin locus. Proc Natl Acad Sci USA 81 : 3486-3490 

53. Ohno S (1967) Sex chromosomes and sex-linked genes. 
Springer, Berlin Heidelberg New York 

54. Ohta T (1993) Diversifying selection, gene conversion, 
and random drift: interactive effects on polymorphism 
at MHC loci. 

55. Ott J (1983) Linkage analysis and family classification un- 
der heterogeneity. Ann Hum Genet 47 : 311-320 

56. Ott J (1990) Cutting a Gordian knot in the linkage analysis 
of complex human traits. Am J Hum Genet 46 : 219-221 

57. Ott J (1991) Analysis of human genetics linkage. Johns 
Hopkins University Press, Baltimore 

58. Page DC, Mosher R, Simpson EM et al (1987) The sex-de- 
termining region of the human Y chromosome encodes a 
finger protein. Cell 51 : 1091-1104 

59. Penrose LS (1934/35) The detection of autosomal linkage 
in data which consist of pairs of brothers and sisters of 
unspecified parentage. Ann Eugen 6 : 133-138 

60. Race RR, Sanger R (1969) Xg and sex chromosome ab- 
normalities. Br Med Bull 25 : 99-103 

61. Race RR, Sanger R (1975) Blood groups in man, 6 th edn. 
Blackwell, Oxford 

62. Rappold GA (1993) The pseudoautosomal regions of the 
human sex chromosomes. Hum Genet 92 : 315-324 

63. Reid DH, Parsons PH (1963) Sex of parents and variation 
of recombination with age in the mouse. Heredity 18 : 107 

64. Renwick JH (1969) Progress in mapping human auto- 
somes. Br Med Bull 25 : 65 

65. Risch N (1990) Linkage strategies for genetically complex 
traits. I. Multilocus models. Am J Hum Genet 46 : 222-238 

66. Risch N (1990) Linkage strategies for genetically complex 
traits. II. The power of affected relative pairs. Am J Hum 
Genet 46 : 229-241 

67. Risch N (1990) Linkage strategies for genetically complex 
traits. III. The effect of marker polymorphism on analysis 
of affected relative pairs. Am J Hum Genet 46 : 242-253 

68. Schiebel K, Weiss B, Woehrle D, Rappold G (1993) A hu- 
man pseudoautosomal gene, ADP/ATP translocase, es- 
capes X-inactivation whereas a homologue on Xq is sub- 
ject to X-inactivation. Nature Genet 3 : 82-87 

69. Sheppard PM (1975) Natural selection and heredity, 4 th 
edn. Hutchinson, London 

70. Sinclair AH, Berta P, Palmer MS et al (1990) A gene from 
the human sex-determining region encodes a protein 



References 193 



with homology to a conserved DNA-binding motif. Na- 
ture 346 : 240-244 

71. Smith SM, Penrose LS, Smith CAB (1961) Mathematical 
tables for research workers in human genetics. Churchill, 
London 

72. Smithies O, Connell GE, Dixon GH (1962) Chromosomal 
rearrangements and the evolution of haptoglobin genes. 
Nature 196 : 232 

73. Snell GD, Dausset J, Nathenson S (1977) Histocompatibil- 
ity. Academic, New York 

74. Sorensen H, Dissing J (1975) Association between the C3^ 
gene and atherosclerotic vascuolar diseases. Hum Hered 
25 : 279-283 

75. Southern EM (1982) Application of DNA analysis to map- 
ping the human genome. Cytogenet Cell Genet 32 : 52-57 

76. Steinberg AG (1965) Evidence for a mutation or crossing 
over at the Rh-locus. Vox Sang 10 : 721 

77. Stern C (1973) Principles of human genetics, 3 rd edn. 
Freeman, San Francisco 

78. Sturtevant AH (1925) The effects of unequal crossing over 
at the bar locus in drosophila. Genetics 10 : 117 

79. Svejgaard A, Hauge M, Jersild C, Platz P, Ryder LP, Staub 
Nielsen L, Thomsen M (1979) The HLA system. An intro- 
ductory survey, 2 nd edn. Karger, Basel 

80. Tiepolo 1 , Zuffardi O (1976) Localization of factors con- 
trolling spermatogenesis in the nonfluorescent portion of 
the human Y chromosome. Hum Genet 34 : 119-124 



81. Trowsdale J, Ragoussis J, Campbell JD (1991) Map of the 
human MHC. Immunol Today 12 : 429-467 

82. Vogel F (1969) Does the human X chromosome show evi- 
dence for clustering of genes with related functions? J 
Genet Hum 17 : 475-477 

83. Vogt P, Keil R, Kirsch S (1993) The “AZF” function of the 
human Y chromosome during spermatogenesis. In: Sum- 
ner AT, Chandley AC (eds) Chromosomes today, vol 2. 
Chapham and Hall, London, pp 227-239 

84. Weiss MC, Green H (1967) Human-mouse hybrid cell 
lines containing partial complements of human chromo- 
somes and functioning human genes. Proc Natl Acad Sci 
USA 58 : 1104-1111 

85. Weitkamp LR (1972) Human autosomal linkage groups. 
Proceedings of the 4 th International Congress of Human 
Genetics, Paris 1971. Excerpta Medica, Amsterdam, 
PP 445-460 

86. White R, Lalouel J-M (1987) Investigation of genetic link- 
age in human families. Adv Hum Genet 16 : 121-228 

87. White R, Leppert M, Bishop DT, Barker D, Berkowitz J, 
Brown C, Callahan P, Holm T, Jerominski L (1985) Con- 
struction of linkage maps with DNA markers for human 
chromosomes. Nature 313 : 101-105 

88. Wolf U, Schempp W, Scherer G (1992) Molecular biology 
of the human Y chromosome. Rev Physiol Biochem Phar- 
macol 121 : 148-213 



6 Formal Genetics of Humans: 

Multifactorial Inheritance and Common Diseases 



The criterion of the scientific status of a theory is its falsifiabilityy 
or refutability or testability. 

(K.R. Popper, in ''Conjectures and Refutations,” 1963, p.37) 



6.1 Levels of Genetic Analysis 

The paradigm that resulted from MendeFs work with 
pea crosses (Sect. 1.4) has since developed in several 
steps to the level of the gene in its definition as an in- 
formation-carrying segment of the DNA double helix. 
The principal goal of genetic analysis is to pursue this 
path for the character under investigation. In the ear- 
ly part of this volume, characteristics were selected as 
examples of basic principles in which the genotype- 
phenotype relationship was fairly straightforward: in 
the “normal” range, blood groups; in the “abnormal” 
range, rare hereditary diseases. 

However, there are many normal characteristics for 
which genetic variability obviously exists but no sim- 
ple mode of inheritance can be found. These include 
stature and body proportion, physiognomic features 
(“this child is the absolute image of its father”), skin 
color, and blood pressure. Many diseases may have a 
complex of various causes, but often the liability 
may differ between individuals and may be genetic 
in origin. In earlier years, a Mendelian framework 
was often superimposed naively on such data, with- 
out testing the formal requirements for simple modes 
of inheritance. More recently, there has been a ten- 
dency to describe observations on complex traits in 
terms of biometric models that were often based on 
oversimplifying assumptions. Thus, the biological 
significance of the resulting conclusions may occa- 
sionally be questionable. 

We first set out the logical background for a discussion 
of genetic hypotheses and distinguish a number of le- 
vels at which genetic analysis has become possible. 

6.1.1 Findings at the Gene - DNA Level 

The DNA sequence contains the information for a se- 
quence of amino acids in a polypeptide chain, and 
therefore it is our goal to trace genetic differences to 
the DNA level. This first became possible for the he- 
moglobin variants (Sect. 7.3) and later for some other 
proteins, initially inferring alterations in DNA from 
the observed changes in amino acids and knowledge 



of the genetic code. Later, these inferences were con- 
firmed in many cases where one amino acid is re- 
placed by another, but other changes such as dele- 
tions, frameshifts, and amplification mutants also 
could be detected by direct DNA studies (Sects. 7.3 
and 9.4). In these instances, a genetic variant has 
been pursued down to its primary cause - a specific 
change at the DNA level: the “information carrier.” 
The increasing availability of methods for DNA ana- 
lysis made it possible to elucidate novel types of mu- 
tations, such as those interfering with the regulation 
of transcription and others producing defective splic- 
ing during processing of gene transcripts. Most of the 
initial work of this type was carried out with the hu- 
man yS-hemoglobin system and the resulting pheno- 
typic changes presented as so-called / 3 -thalassemias, 
which are characterized by absent {/ 3 °) or deficient 
(^^) ^-chain production. As more DNA probes for 
different genes became available, the elucidation of 
mutations at the DNA level began to accelerate. Dif- 
ferent mutations analogous to those observed in the 
hemoglobinopathies, as well as other types, occur in 
all hereditary variants and diseases analyzed so far 
(see Sect. 9.4) [25]. It can be expected that in the fu- 
ture most studies on mutational alterations in hu- 
mans will be carried out directly on DNA rather 
than at the gene product level. 

6.1. 1.1 Analysis at the Gene Product - 
Biochemical Level 

Here the identification of the mutant site within the 
gene is not possible, but the individual gene in which 
the mutation has occurred can be inferred. There are 
several possibilities: 

a) Specific proteins can be characterized by bio- 
chemical methods. Genetic variability reflects dif- 
ferences in proteins or enzymes. When a protein 
consists of more than one polypeptide chain, 
identification of the individual polypeptide chains 
involved may be possible. Examples include the 
numerous serum protein and enzyme polymorph- 
isms. 
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b) Many proteins serve as enzymes, catalyzing spe- 
cific metabolic steps. Therefore, when a specific 
genetic block has been demonstrated, the enzyme 
defect identified, and all other biochemical expla- 
nations excluded, a mutation in a specific gene 
specifying the involved enzyme can be inferred. 
The next step is characterization of the enzyme 
protein (see above). 

c) Another subgroup within this category comprises 
examples in which an antigenic profile of the cell 
surface can be identified using specific antibodies. 
Examples include the blood groups and the HLA 
types (Sect. 5.2.5). This method permits identifica- 
tion not only of specific gene loci but also - within 
certain limits - of structural differences within 
these gene loci. 

Until recently, genetic analysis had to be carried out 
as shown for the hemoglobin variants: from the ana- 
lysis of the protein to the DNA. Very often this ap- 
proach met various obstacles since the affected pro- 
tein was unknown. Identification and analysis of 
genes at the molecular level opened an alternative 
method: the gene is identified first at the DNA level, 
its sequence and sequence alterations due to muta- 
tion are then identified. The amino acid sequence in 
the protein is inferred from the genetic code. Finally, 
and as the most important step of this analysis, the 
function of the protein can be ascertained. This ap- 
proach has been termed “positional cloning,” (or for- 
merly “reverse genetics,”) indicating the change of 
strategy in comparison with the classical model of 
gene identification. Positional cloning is now becom- 
ing the preferred means of analysis. Chronic granulo- 
matous disease (306400) and cystic fibrosis (219700) 
are described as examples in Sect.3.1.3.9. 

Only the results of an analysis at the gene product le- 
vel are strictly comparable to results from thoroughly 
examined species in experimental genetics, such as 
Drosophila melanogaster, the mouse, maize, silk- 
worm, and others. In many of these mutations no 
specific protein changes, enzyme defects, or aberrant 
antigen profiles could be demonstrated, but breeding 
experiments and recombination analysis offered an 
efficient alternative path for identifying individual 
genes. In the meantime the direct DNA approach is 
usually possible in experimental genetics as well. 

It might be interesting to examine how this purely 
formal gene concept, which long dominated the 
thinking of experimental geneticists has influenced 
thinking and conceptualization in fundamental ge- 
netics. Human biochemical genetics in its early pha- 
ses was further advanced than biochemical genetics 
dealing with other species. The synthesis of insights 
from biochemistry and genetics led to rapid progress 
in microbial and fungus genetics. Biochemical hu- 



man genetics remains more advanced than that of 
other mammalian species. However, in spite of recent 
progress in DNA techniques, biochemical genetics, 
and linkage analysis, many genetic analyses in hu- 
mans still need to be carried out at a less sophistica- 
ted level. 



6.1. 1.2 Analysis at the Qualitative Phenotypic Level: 
Simple Modes of Inheritance 

Conclusions often must be based on phenotypic dif- 
ferences far removed from the primary gene action. 
Still, the relationship between genotype and pheno- 
type is so straightforward that simple Mendelian 
modes of inheritance can often be inferred with cer- 
tainty. However, the involvement of a specific gene 
cannot be identified definitely: The same phenotype, 
with the same mode of inheritance, may be caused 
by mutations at several different gene loci. 

Rare Conditions Qualitatively Different from the Nor- 
mal This category comprises most inherited diseases. 
An individual either is normally pigmented or lacks 
skin pigment (albinism). When measurements are 
possible, they show two different classes: affected and 
unaffected. When measurements of metabolites in 
blood or urine can be done, the values are distributed 
in two modes. Such findings many point to an enzyme 
defect and to identification of the involved gene. Ex- 
amples are the increased excretion of homogentisic 
acid in the urine of alkaptonurics - Garrod’s paradigm 
for inborn errors of metabolism (Sect. 1.5) - and the 
distribution of phenylalanine in the blood plasma of 
phenylketonurics in comparison to normals (Fig. 6.1). 
Conditions of this sort are usually rare. Whenever a 
more discriminating analysis is performed, even dis- 
eases with similar phenotypes and identical modes of 
inheritance often prove be genetically heterogeneous. 
Criteria for such heterogeneity include: 

a) Children from matings between two homozygotes 
for a recessive condition are phenotypically nor- 
mal, indicating that each homozygote parent car- 
ries a different recessive gene. 
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Fig. 6 * 1 . Phenylalanine level in the blood plasma of healthy 
individuals and phenylketonurics (shaded) expressed in 
mg%* (Adapted from Penrose 1951 ) 
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b) Linkage analysis shows close linkage with a mark- 
er gene in a number of the analyzed families; in 
others, the two genes segregate independently. 
The first analyzed example was linkage of one of 
the loci for dominant elliptocytosis with the Rh 
locus on chromosome 1 [784]. 

c) Different protein or enzyme defects are demon- 
strated in various families by biochemical analy- 
sis. Conditions initially considered homogeneous 
turn out to have a different genetic basis (exam- 
ples: hemophilia A and B, glycogen storage dis- 
eases, hereditary hemolytic anemias; Sect. 7.2.2.!). 

Frequent Variants; Bimodal Distribution. In another 
group of traits analyzed at the phenotypic level, the 
phenotypes do not show a clearcut distribution into 
two classes. Not every individual can be attributed 
to a specific class; there is overlap. Yet, as long as 
the area of overlap is relatively small, the overall dis- 
tribution remains bimodal. 

An example from pharmacogenetics illustrates this 
phenomenon. After administration of a single dose 
of the tuberculostatic drug isomiazid the plasma level 
in various individuals was different, and the distribu- 
tion showed two modes (Fig. 6.2). This suggested a 
simple mode of inheritance of drug biotransforma- 
tion. This hypothesis was confirmed by family stud- 
ies. Homozygotes AcVAc^ (Ac^ = allele for slow inacti- 
vation) showed high drug levels, whereas heterozy- 
gotes AcVAc^ (Ac** = allele for rapid inactivation) and 
homozygotes Ac 7 Ac^ had low drug levels. This differ- 
ence was caused by a variant of the enzyme N- acetyl- 
transferase. These findings confirmed the genetic hy- 
pothesis put forward when the bimodal distribution 
of isoniazid concentrations was discovered. 

In the absence of other, more conclusive criteria, a 
simple mode of inheritance may be inferred if the 



variable under investigation is measurable and shows 
a bimodal distribution. Exceptions occur in either of 
two directions: 

1. A bimodal (or multimodal) distribution may be 
simulated by other mechanisms. This is especially 
likely when some threshold effect is involved. How- 
ever, even when a threshold effect seems to be ab- 
sent, a bimodal distribution may arise as a second- 
ary effect when the variable under investigation 
shows a tendency to self-enhancement once it has 
reached a certain level. Blood pressure is an exam- 
ple where kidney damage may lead to a further in- 
crease in blood pressure. Bimodality may also exist 
if the variable depends, in addition to genetic fac- 
tors, on environmental influences. A population 
study in a tropical country, for example, found a bi- 
modal distribution of IgE blood levels. A simple 
mode of inheritance was suspected. Upon closer 
scrutiny, the population studied was seen to consist 
of two subpopulations: hospital personnel and in- 
mates of a prison, who suffered from many more in- 
testinal worms and therefore had higher IgE levels. 
Bimodality often suggests but does not prove a 
monogenic mode of inheritance. It may have other 
reasons. A monogenic mode of inheritance can be 
proven only by family studies. Certain methods of 
ascertainment may also simulate bimodality. 

2. More frequently a bimodal or trimodal distribu- 
tion is hidden because of overlap between the gen- 
otypic classes. The means of the two distributions 
may be so similar that bimodality is obscured. 
Harris and Smith [59] examined the conditions un- 
der which a combination of two normal distribu- 
tions can lead to a bimodal distribution: 

a) Two normal distributions with identical variances 
combine to a bimodal distribution only if the differ- 



Fig. 6.2. Plasma concentration of isoniazid 
(INH) in 267 members of 53 families; bimo- 
dal distribution. The antimode is between 2 
and 3 mg%. (Adapted from Evans et al. i960 
138 ]) 
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ence between the means is at least twice as large as the 
common standard deviation. 

b) When the variances differ, the difference of the means 
must be at least equal to a certain multiple of the smal- 
ler standard deviation, which varies from 2 (when the 
variances are equal) to about 2.6 (when the variances 
are extremely different). 

c) When the means are closer together, so that no bimo- 
dal distribution results, and the number of individuals 
in the two distributions are not too different, a “bitan- 
gential” distribution indicates that two different distri- 
butions may be involved (Fig. 6.3). 

In practice, such bitangential distributions are diffi- 
cult to evaluate. A skewed distribution is seen fre- 
quently for biological variables and cannot be reli- 
ably distinguished from bitangentiality. Variables oc- 
curring in nature only rarely show an ideal normal 
distribution, and chance deviations must be taken 
into account. Comparison of Figs. 6.2 and 6.3 gives 
an impression of how chance deviations may distort 
the distribution of empirically observed values with 
moderate sample size. 

To summarize: A unimodal distribution of a quantita- 
tive trait may he compatible with a monogenic mode 




Fig. 6.3. Bitangential distribution. (From Harris and Smith 

1951) 



of inheritance. However, without additional data, dis- 
crimination from multifactorial models is impossible. 

Figure 6.4 shows the opposite example: the enzyme 
activity distributions of electrophoretically identified 
genetic variants of glutamate-pyruvate transaminase 
(GPT) are clearly different. However, a distribution 
of GPT enzyme activity in the population that disre- 
gards the various allele genotypes is almost normal 
and might be interpreted as multifactorial in origin. 
Yet, the total distribution in the population owes its 
origin to only two alleles (GPTi, GPTi) and their cor- 
responding phenotypes (GPTi, GPT2-1, GPT2). Many 
examples of this kind have been found when analyz- 
ing the variability of enzyme levels in various enzyme 
polymorphisms (Sect. 12.1.2). 

Recognition of bimodality may be especially difficult 
if the two classes have very different frequencies, for 
example, if the number of individuals in one type is 
10% or less than in the other (Fig. 6.5). Here it may 
be doubtful whether the smaller mode is genuine, 
representing a genetically different group. This result 
could as well be due to: 

a) Chance deviations. 

b) A threshold: this possibility should be seriously 
considered where the values constituting the sec- 
ond mode are close to zero. 

Chance deviations can be excluded by examining 
more individuals. Under such circumstances a 
threshold effect cannot be ruled out; however, family 
studies are usually necessary, especially if the mode 
of inheritance is autosomal-dominant or X-linked. In 
such families the two genotypes are expected in 
about equal frequencies, with the consequence that 
bimodality is more clearcut than in a population 
sample. When families of probands from the lesser 
mode are examined, the following criteria confirm a 
simple mode of inheritance, if present, in the major- 
ity of families: 




Fig. 6.4. Distribution of enzyme activities 
for three GPT genotypes, almost combining 
to a somewhat skewed normal distribution. 
(Data from Becker 1976 [5]) 
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a) Clearcut bimodal distribution of the trait within 
sibships; the sibs who can be assigned to the 
mode reflecting normals are distributed in a man- 
ner similar to the general population. 

b) Parents’ values are also bimodal, with the addi- 
tional condition that at least one of the two par- 
ents falls into the second mode. 

c) An approximate 1 : 1 ratio of unaffected to affected 
should be found in these sibships. An approximate 
3 : 1 ratio should be found in sibships where both 
parents fall into the second mode, i. e., when both 
parents are heterozygous. 

With multifactorial inheritance spurious bimodality 
may result due to a threshold at zero. As a result the 
distribution of sibs whose values can be assigned to 
the first mode shows a lower mean than that of the 
population. Moreover, parents’ values can more fre- 
quently be assigned to the first mode, with a lower 
mean value than that of the population (Fig. 6.6). 

One trait for which an autosomal-dominant mode of inherit- 
ance has been inferred using these criteria is the low voltage 
electroencephalogram (EEG) [4, 153]. The human brain con- 
stantly produces certain voltage oscillations which after 
passing through suitable amplifiers can be drawn as curves 
on paper. As a rule, several leads (8-16) from different points 
of the head are taken simultaneously. The proband relaxes 
and rests with closed eyes but does not sleep. Sleeping pat- 
terns are different and are used for special diagnostic pur- 
poses. 

The resting EEG of the healthy adult consists of a few wave 
types, the a waves being especially noticeable. In addition, (3 
waves (>i3/s) and a few d' waves (4-8/s) may occur 
(Fig. 6.7). These few elements, however, may be formed, dis- 
tributed, and combined in so many different ways that a com- 
parison with handwriting is inviting. Almost every human 
being has his own characteristic EEG, which remains con- 
stant over many years in the absence of diseases such as epi- 
lepsy and brain tumors and excepting such transitory physio- 
logical states as severe fatigue and intoxication. During child- 
hood and youth the EEG develops from irregular forms with 
relatively slow waves to the final pattern which is reached by 
about age 19 at the latest and changes only very slowly with 
advancing age. Individual differences in speed of develop- 
ment are striking, leading to a high variability during child- 



hood. Twin studies have shown the normal, individual EEG 
pattern to be almost exclusively genetically determined. 

In about 4% of the adult population an EEG type is found 
with the following characteristics: 

a) The occipital a waves are completely absent or can be 
seen for only a short time and with very low amplitude. 

b) The EEG may therefore look absolutely flat or show an ir- 
regular pattern with jS or waves of low amplitude. 

2 nd mode 1 st mode 

i I 



Fig. 6.6. Bimodal distribution when the second mode is close 
to 0. Discrimination between a simple diallelic mode of in- 
heritance and a multifactorial model. Note that with multi- 
factorial inheritance, the first mode is shifted to the left, 
whereas with diallelic inheritance, the first mode is identical 
in the population and in the families in which segregation oc- 
curs in the two modes 




Fig. 6.5. Bimodal distribution of a quantitative trait in the 
human population. One of the two types is much more com- 
mon than the other 




Fig. 6.7. Wave types of the human 
electroencephalogram 
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c) Contrary to the normal a EEC, there is no reaction when 
the eyes are opened. After the eyes are closed, a very few 
a waves may but do not necessarily appear. 

The first requirement for genetic analysis is a measurement 
to quantify the extent of occipital a formation. One such 
measurement is the so-called a index, defined as follows: 

j _ number of a waves/ 10 s 
a frequency x 10 s 

Figure 6.8 shows the distribution of this index in 6i sibships 
ascertained through parents or siblings with low-voltage 
EEC. This distribution has two maxima, one at about 70-80 
and the other at 0, the latter corresponding to the low- voltage 
type. At first glance this distribution seems to favor the hy- 
pothesis of a simple mode of inheritance. Since the second 
maximum is o, however, a fictitious bimodal distribution 
could be due to a threshold at o. 

Are there additional arguments in favor of a monogenic in- 
heritance? The distribution among the parents is, again, bi- 
modal; the distribution around the first mode corresponds 
well with the distribution in the general population. Still 
more important, in all 19 families ascertained by a child, at 
least one parent had a low-voltage EEC (Fig. 6.9). Analysis of 
the segregation ratio gave an estimate close to 75 % for all fa- 
milies with two affected parents. For families with only one 
affected parent, the estimated overall segregation ratio 
proved to be somewhat below its expectation (-50%). (The 
expectations are somewhat higher than 0.5 and 0.75, respec- 
tively since (because of the frequency of the characteristics) 
some homozygotes are expected among the parents.) 

In this case, an autosomal-dominant mode of inheritance can 
be inferred by analysis of the distribution of a quantitative 
measure (the a index), together with family studies. Mean- 
while, a gene whose mutations cause the low-voltage EEG 
has been assigned to the distal part of 2oq by linkage studies 



100 




a -Index 



Fig. 6.8. Distribution of the a-index in families with low- vol- 
tage EEG. (From Anokhin et al. 1992 [4]) 



with DNA markers [137, 138]. However, there is genetic het- 
erogeneity; only about one-third of all examined families 
show this linkage. 

In principle, similar criteria can be used in studying 
X-linked recessive inheritance. Here, however, analy- 
sis of the distribution may be more difficult in fe- 
males since a trimodal distribution is expected: two 
homozygotes and one heterozygote. An example is 
the glucose-6-phosphate dehydrogenase level in 
G6PD deficiency. Since there is much overlap be- 
tween normals and heterozygotes as well as between 
heterozygotes and hemizygotes; no clear trimodality 
can be discerned (see Sect.7.2.2.2). 



6.1. 1.3 Genetic Analysis at the Quantitative 
Phenotypic-Biometric Level 

Additive Model. In many cases phenotypic variability 
is so complex that the action of single mutations can 
no longer be identified. Here genetic conclusions de- 
duced from similarities among relatives are necessa- 
rily of a more general kind. Still the “multifactorial” 
genetic models applied in such examples have certain 
characteristics in common - and more importantly 
some predictions derived from these models are ful- 
filled when tested on the observed data. 

The simplest possible model assumes cooperation of 
a number of gene pairs. It is assumed that an upper- 
case allele (A or B but not a or b) contributes to the 
trait (“positive” allele) while the lowercase allele (a 
or b but not A or B) is silent and has no effect on 
the trait (“negative” allele). The phenotypic character 
varies gradually, depending only on the relative num- 
ber of positive and negative alleles, whose contribu- 
tion is assumed to be equal and additive in this mod- 
el. These gene pairs may be named A, a; B, b; C, c; D, 
d; etc. Thus it makes no difference for the phenotype 
whether the genotype is AABBccdd . . . , AaBbCcDc 
. . ., or aabbCCDD . . . (additive polygeny). This mod- 
el is used in explanations for a variety of concepts. It 
should be made clear that the model represents an 
abstraction and is oversimplified. In reality, the con- 
tributions of genes acting in a multifactorial system 
almost always differ in quantity and quality. Some 
are more important than others. 

Let us assume n gene pairs with gene frequencies 
p = ^ = 0.5 for the positive and the negative alleles. 
The distribution of the phenotypic classes on an arbi- 
trary quantitative scale is given by the binomial for- 
mula {p + (Fig. 6.10). The higher the number of 
gene pairs, the more individuals are found in the cen- 
tral (i. e., more average values) as distinguished from 
the peripheral part of the distribution (i. e., more ex- 
treme values). At first glance the distinctions appear 
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Fig. 6.9. Family observation: mother and first daughter have a low- voltage EEG; father and second daughter have an a EEG. 
Unipolar leads [153] 



to provide a criterion for the number of gene pairs 
contributing to a characteristic when the empirical 
distribution is compared to a number of theoretical 
ones. However, such an inference holds only if each 
gene contributes just as much to the variable at the 
extremes of the distribution as it does in the center. 
This assumption can be challenged by the general - 
and often biologically plausible - hypothesis that at 
the extremes further deviation in the same direction 
is more difficult to achieve. For instance, for meas- 
urements of biologically active substances and en- 
zymes values of less than zero do not exist. 

The argument has in fact been used to estimate the 
number of gene pairs involved in the genetic variability 
of skin pigmentation [139]. In our opinion, it is likely 
that the number of skin pigmentation genes cannot be 
very high since segregation of very light individuals, 
on the one hand, and very dark ones, on the other, is 
not infrequent in matings of hybrid persons. 

The distributions in Fig. 6.10 have only one mode; 
they are unimodal. Furthermore, they are similar in 



shape to the “normal” distribution. This similarity 
becomes closer with increasing number of gene pairs 
(n): The normal distribution is the limiting case for 
the binomial distribution with increasing n. It can 
be shown that this approximation becomes just as 
good when gene frequencies of positive and negative 
alleles are not equal. Higher values of n are required 
to reach the same degree of approximation as in the 
symmetric case. In general, a unimodal distribution 
of a variable - with the shape of the distribution 
curve more or less approximating the normal distri- 
bution - is typical for this genetic model of additive 
polygeny. However, neither a unimodal distribution, 
the shape of the distribution, nor the shape of the 
curve depend on the specific features of this model - 
equal and additive contributions of genes. They are 
good indicators for multifactorial inheritance in a 
more general sense. 

On the other hand, as shown in Sect.6.1.1.2, these 
properties do not exclude the possibility of a “major 
gene” with a simple mode of inheritance. In fact it is 
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Fig. 6 . 10 . Distribution of genotypes according to the bino- 
mial distribution (p + qY^ with p = q = 0.3 for 1 , 2 , and 5 
gene pairs (n = 1 , 2 , 5 ) Abscissa, quantitative variation of 
measurements; vertical axis: No. of individuals 



biologically likely that only a few major genes are the 
principal genetic factors in several diseases acting 
against a background of many genes of less patho- 
physiological significance. 

The first condition for establishing a unimodal and 
nearly normal distribution for the character is that 
the character in question can be measured, and that 
a quantitative scale is used. It is possible, for exam- 
ple, to distribute all adult men into two alternative 
classes: those taller than 1.67 m and those shorter 
than 1.67 m. With such limited information, family 
investigations could easily lead to the conclusion 
that variability in human stature depends on a domi- 
nant gene with incomplete penetrance. The example 
seems trivial and the point that it makes is self-evi- 
dent, but the older literature is full of examples of 
this type of error. 

A genetic hypothesis cannot be based exclusively on 
the population distribution of the variable. Family 
data are also needed. What type of family data 
does the model predict? This is examined using 
the simplest possible case: two gene pairs. A, a and 
B, b, acting additively and equally. The gene fre- 
quencies can be expressed as pp p^ and re- 

spectively. There are nine possible genotypes with 



Table 6 . 1 . Low-voltage EEG: segregation analysis for 61 sib- 
ships with children above the age of 19 years: expected and 
observed segregation ratio 





Mating types 






+ x -f- 


+ x- 


Expected 


0.759 


0.509 


Observed 


0.625 


0,420 



The expectations are not precisely 0.75 and 0.5 because a cer- 
tain small fraction of homozygotes must be expected among 
+ individuals. The difference between expected and observed 
ratios for mating type + x - is marginally significant 
(p = 0 . 03 ; see also [ 4 ]). 



Table 6 . 2 . Genotypes and phenotypes in additive polygenic 
inheritance 



Pheno- 

type 

+4 

+2 

0 

-2 

-4 



Genotype 


Frequency 


II 


= q, = = 0.5 


A ABB 


P?P| 


0.0625 




J AABb 


P?2pj<?i 


0.125 1 


[• 0.25 


1 Aa BB 


2pi9iPi 


0.125 J 


AAbb 




0.0625 




< aa BB 


«ip2 


0.0625 


■ 0.375 


. Aa Bb 




0.25 




J Aa bb 


2p,9,^i 


0.125 1 


1 0.25 


1 aa Bb 




0.125 J 
0.0625 


aa bb 




1.000 





five different phenotypes, occurring with the fre- 
quencies given in Table 6.2 (Fig. 6.12). The frequen- 
cies of the possible mating types and the distribu- 
tion of the children’s genotypes for each mating 
type can be calculated. For the special case of the 
last column (all gene frequencies equal and 0.5), 
the calculation is given in Table 6.3. From these dis- 
tributions of genotypes, the corresponding phenoty- 
pic distributions of the children can be deduced 
(Table 6.4). 

The properties of the examined model are: 

a) All resulting distributions have essentially the 
same form: they are symmetric and unimodal. 

b) If the parents’ phenotypes are identical, the mean 
of the children equals the parents’ phenotype. If 
the parents’ phenotypes are different, the chil- 
drens’ mean is exactly the mean of the parents 
(midparent value). 

c) Greater heterozygosity of the parents is accompa- 
nied by an increase in the expected variance 
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Fig. 6.11. Midparent-child correlation for 
stature; regression to the mean. (Original 
drawing and wording by R Galton) 
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Fig. 6.12. Distribution of genotypes and phenotypes of a 
quantitative trait with two additively acting gene pairs A, a 
and B,b. Random mating; all gene frequencies are assumed 
to be 0.5. The presence of a gene designated by an uppercase 
letter (A or B) is assumed to contribute +1 to the measured 
phenotype. Genes designated with lower case letters (a or b) 
make no quantitative contributions to the phenotype. Gene 
effects are additive (e. g. AABB = 4, aabb = 0) 



among the children. It is highest with mating 
types 0x0 and zero in mating types +4 x +4, 
-4 X -4, and +4 X -4. 

d) The mean of the children of all persons with the 
same phenotype (for example, children of all per- 
sons with type -1-4) deviates half as much from 
the population mean as does the phenotype of 
these parents (for example, the mean phenotype 
of children of +4 parents is +2). 



This model is highly particularized and simple; however the 
analysis proves fairly cumbersome. For examining the gener- 
al case (n gene pairs; gene frequencies . pnl • q„), the 
method should be changed. First we assume a gene pair of 
heterozygotes with the phenotypic effect a, whereas one 
homozygote (AA) has the effect 2 a and the other (aa) has 
the effect o. Thus we again assume that heterozygotes hold 
exactly the middle between the two homozygotes. The mean 
and variance of the corresponding characteristic, x, can now 
derived as follows: 



_ p^(2g) + 2pq(g) _ 2pa(p + q) _ ^ 

" p^ + 2pq + q^ ip + qf ^ ’ 



( 6 . 1 ) 



= E(x^) - {ExY = p^(4a^) + 2pq(a^) - ip^a} = 2pqa^ (6.2) 



(using p + q = i). a may be visualized as the contribution of 
the allele A to the character x. is the genetic variance in 
the population. 

The more general case of n gene pairs with gene frequencies 
Pi = • • • Pn for the genes A,, and q^ = q,y q^ . . . 

q„ for the genes a^y . . . , can now be examined: 

n n 

E, = 2aJ2pi 

i=l i=l 
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Table 6.3. Mating types, their frequencies, and segregation ratios among children with two additive gene pairs and 
P 1 = P 2=^1 = ^2 = 0.5 
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- 




V. 


- 


'U 


X 


- 


X 


- 


X Aabb 


0.015625 


- 


- 


- 


- 


- 


X 


- 


X 


- 


X aaBb 


0.015625 


- 


- 


- 


- 






- 


X 




X aabb 


0.007813 


- 


- 


- 


- 


- 


- 


- 


1 


- 


AaBb X AaBb 


0.062500 




’A 


'A 


■A6 


'/,4 


X 




■4 


X. 


X Aabb 


0.062500 


- 


'A 


- 


■A 


- 


X 


■/4 


X 


X 


X aaBb 


0.062500 


- 




■A 


- 


V, 


X 


X 


X 


X 


X aabb 


0.031250 


- 


- 




- 




X 


X 


X 


X 


Aabb X Aabb 


0.015625 


- 


-- 


- 


’A 


- 


- 


X 


- 


X 


X aaBb 


0.031250 


- 


- 


- 




- 


X 


X 


X 


X 


X aabb 


0.015625 


- 


- 


- 


- 


- 




X 




X 


aaBb xaaBb 


0.015625 


- 






- 


'U 


- 


- 


X 


X 


X aabb 


0.015625 


- 


- 


- 


- 


- 


- 


- 


X 


X 


aabb x aabb 


0.003906 




_ 


_ 


_ 


_ 


- 


_ 


_ 


1 



The following considerations, which for the sake of simplicity 
are given for one gene pair only, are valid for n gene pairs as 
well. 

We now consider the relationships between parents and chil- 
dren and that among siblings. To simplify the calculation, a 
is assumed to be 1, making the phenotypic value of homozy- 
gotes AA = 2, that of heterozygotes Aa = 1, and that of homo- 



zygotes aa = o. Table 6.5 shows the frequencies of all possible 
parent-child combinations. They can be explained as follows. 
The frequency of AA mothers among all mothers is Each 
of their children gets one A gene. The probability that this 
gene meets another A gene in the zygote is p. This gives the 
overall frequency p^xp = p^. For the other maternal geno- 
types an analogous calculation can be made. The overall dis- 
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Table 6.4. Distribution of children in additive polygenic inheritance (the lacking 5 categories, 0 x - 2, 0 x - 4, -2 x 
-4 X -4, can be calculated according to the same rule) 


Parents' 

genotypes 


+4 

AABB 


+2 

AABb; AaBB 


0 

A Abb; aaBB; AaBb 


—2 —4 

Aabb; aaBb a abb 


+4x +4 


1 








+4X-I-2 


0.5 


0.5 






+4x0 


0.1666 


0.6667 


0.1666 




+4X-2 




0.5 


0.5 




+4 X ^ 






1 




+2 X +2 


0.25 


0.5 


0.25 




+2x0 


0.08333 


0.41667 


0.41667 


0.08333 


+2X-2 




0.25 


0.5 


0.25 


+2 X-4 






0.5 


0.5 


0x0 


0.02 778 


0,22 222 


0.50000 


0.22222 0.02778 



Table 6.5. Frequency of parent-child (father- or mother-child 
combinations) in the human population in a randomly mat- 
ing population (see text) 



Parent 


Children 






AA 


Aa 


aa 




AA 


P' 








Aa 


p^q 


P<i 


pq^ 


2 pq 


aa 


- 









tribution for the whole population (parents as well as chil- 
dren) is of course -h ipq + (marginal sums in Ta- 

ble 6.5). 

The variable now under investigation may be referred to as 
in the parents and in the child. Equations 6.1 and 6.2 de- 
rived above then lead to: 

= X2 = 2 p (6.3) 

^.1 = = 2 pq (6.4) 

In general, the covariance of the two variables, x^ and is 
defined as: 

Cov(Xp X2) = E(x^X 2 ) - X1X2 

Here Eix^x^) is defined as: ^2/) 

The values x^j and x^ i represent the phenoty^pic expression of 
the trait, in our example 2, 1 and 0. The p(x^i, x^,) are the cor- 
responding entries in Table 6.5; p(2, 2), for example, has the 
value q^. It follows: 

Cov(Xi, X2) = 4p^ + Ap^q +pq- { 2 py = pq 

and for the correlation coefficient rp^ between parent and 
child: 

crxicrx2 2 pq 

This important result was derived by Fisher in 1918 [44]. In a 
random mating population and with additive gene action the 
correlation coefficient between a parent and child is 0.5. It 



can be shown in a similar way that under the same condi- 
tions the correlation coefficient between full sibs is also 0.5. 
These correlation coefficients are independent of the gene 
frequencies and q^ and state in a statistical way that par- 
ents and children as well as sibs have 50 % of their genes in 
common. The correlation coefficient for relatives is a follows 
(these values also refer to the average proportion of genes 
shared by the various types of relatives): monozygotic twins, 
1.0; dizygotic twins, 0.5; sibs, parent-child (first-degree rela- 
tives), 0.5; aunts, uncles, etc. (second-degree relatives), 0.25; 
first cousins (third-degree relatives), 0.125. 

The situation becomes more complicated when A is more or 
less dominant over a. In this case, the correlation coefficients 
are influenced by the gene frequencies. The parent-child cor- 
relation is no longer equal to the sib-sib correlation, but - 
apart from the case q = 1 - is lower. 

6.1. 1.4 Heritability Concept 

The concept of heritability is widely used in quantita- 
tive genetics. The graded characteristic under exami- 
nation, expressed in metric units, may be called the 
“value.” The value measured in a given individual is 
its phenotypic value. This phenotypic value for most 
biological characteristics owes its origin to both ge- 
netic and environmental factors. Environment is con- 
sidered in a broad sense, i.e., comprising all non- 
genetic circumstances that influence the phenotypic 
value. The two components are usually called the 
genotypic value and the environmental value (Falcon- 
er [40] uses the term environmental deviation): 

P= G + £ 

where P = phenotypic value, G = genotypic value, 
and E = environmental value. 

The phenotypic values of all individuals in a popula- 
tion have a mean and a variance around this mean. 
The variance is distinguished from other measures 
of variability by one mathematical property: different 



2 o 6 Formal Genetics of Humans: Multifactorial Inheritance and Common Diseases 



variances can be added to give a common variance, 
and, conversely, a common phenotypic variance Vp 
can be broken down into its components, such as 
the genotypic variance Vq and the environmental var- 
iance 

Vp=V^^Vp 

However, the addition rule for variances applies only 
if genotypic and environmental values are indepen- 
dent of each other, i. e., when they are not correlated. 
If there is a correlation between the two, the covar- 
iance of G and E must be added: 

Let us take an example from the area of genetics that 
first introduced these concepts - agricultural studies 
[40]. It is normal practice in dairy husbandry to 
feed cows according to their milk yield. Cows that 
produce more milk are given more food. Human so- 
ciety often behaves in a similar way toward its own 
members, as is discussed in the section on behavior 
genetics. 

Another assumption is that specific differences in en- 
vironments have the same effect on the various geno- 
types. When this is not so, there is an interaction be- 
tween genotype and environment, giving an addi- 
tional component to the variance Vp Even in experi- 
mental animals this component can be measured 
only under special conditions. 

The genotypic value Vq can be subdivided into sever- 
al components: an additive component (V^) and a 
component (V^) measuring the deviation due to 
dominance and epistasis from the expectation de- 
rived from the additive model. The dominance vari- 
ance is contributed by heterozygotes (Aa) that are 
not exactly intermediate in value between the corre- 
sponding homozygotes (aa and AA). The variance 
contributed by epistasis refers to the action of genes 
that affect the expression of other genes. Hence the 
concept of additive variance does not imply the as- 
sumption of purely additive action of the genes in- 
volved. Even the action of genes showing dominance 
or epistasis tends to have an additive component. 
The whole genotypic variance can be written: 

Genetic Environmental Measurement 

Variance variance variance 

This introduces a new component ( V^) that relates to 
the variability in measurement of the same character 
at different times. The value may represent truly dif- 
ferent values, such as different test results on differ- 
ent days, or measurement errors, such as differences 
in test results of the same blood specimen and differ- 
ences on repeated testing of the same individual. If all 



these variables are known, they can be incorporated 
into the calculations. In the following, covariance be- 
tween heredity and environment (Cov^f) and interac- 
tion variance ( Vj) is assumed to be 0 and neglected. 
Measurement variance (V^) is also neglected but is 
considered in the discussion of twin methods (Ap- 
pendix 6). 

For convenience it is useful to introduce a new con- 
cept: heritability, defined as: 




the value of this variable ranges from 0 to 1 (o%- 
100%), expressing the contribution of additive genet- 
ic elements to the phenotype under study. In other 
words, heritability is a population statistical parame- 
ter that expresses the (additive) genetic contribution 
to the trait under study in a single percentage value. 
A low value implies few contributions of additive 
genes to the trait, while a high value suggests a larger 
contribution. The concept was developed for purpo- 
ses of selection in plant and animal breeding of eco- 
nomically useful traits such as milk production in 
cows and egg laying in chickens. The additive part 
of genetic variability is most important for these pur- 
poses. Any other genetic component, such as domi- 
nance, tends to reduce the accuracy of prediction. In 
humans, however, we are more interested in the total 
genetic variability, whether it is additive or not. 

In human genetics, therefore, heritability as defined 

above is often called “heritability in the narrow 

sense” and is expressed by another definition: 




where Vq and Vp refer to the total genotypic and phe- 
notypic variance, respectively. This formulation is 
known as the heritability in the broad sense, or de- 
gree of genetic determination. 

There is a relationship between heritability in the 
narrow sense (/i^) and the theoretical correlation 
coefficients between relatives as given above. For the 
most important degrees of relationship the following 
formulas apply: 



Monozygotic twins: 

Sib- sib or dizygotic twins: 
One parent - one offspring: 
Midparent-offspring: 

First cousins: 
Uncle-nephew: 



h^ = r 
h^ = 2r 
h? = 2r 

= r/Vm = r/0.707I 
h^ = Sr 

J^2 _ 



Properties of h^. In considering the biological signifi- 
cance of heritability measurements, its properties 
need careful scrutiny: 
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a) Heritability is a ratio. A ratio changes when either 
the numerator or the denominator changes, in- 
creases when the numerator {Vq^ genotypic, or 

additive variance) increases, or the denomina- 
tor ( V^, environmental variance) decreases. Other- 
wise stated, a more similar environment will raise 
heritability! 

b) The estimation of heritability is based on theoret- 
ical correlations between relatives. These correla- 
tions are valid only for random mating. Assorta- 
tive mating leads to other correlations and unless 
taken into consideration produces systematic er- 
rors in the estimation of h^. The correlations re- 
sulting from assortative mating were calculated 
first by Fisher in 1918 [44] (see also [21]; for a 
more complete treatment see [169, 170]). These 
correlations can be used for adjustment of h^. 

c) An estimation of is strictly valid only when the 
assumption is made that covariance and interac- 
tion between genotypic and environmental values 
are 0. 

Falconer tried to escape this dilemma for covariance 
by proposing the following convention. If the genetic 
constitution of an individual creates environmental 
conditions that improve or worsen his phenotype, 
this phenomenon can be included as part of the gen- 
otypic value. Formally, this is correct, even if it tends 
to obscure the problems involved in genotype-pheno- 
type relationships. For animal breeding this conven- 
tion may be useful. Applied to humans, however, it 
leads to difficulties. 

More difficulties arise when these concepts are ap- 
plied to interpreting heritability values from twin 
data (Appendix 5). The interaction term poses an- 
other difficulty in interpretation, one for which no 
satisfactory solution has yet been proposed. Correla- 
tions between relatives do not prove genetic variabil- 
ity; they may also be caused by common environ- 
mental influences within families. In animal breed- 
ing, where the environment can be controlled, this 
factor might either be neglected, or quantified. In hu- 
mans, this is almost impossible. (Attempts at quanti- 
fication have been made using the method of path 
coefficients but readily quantifiable data are rarely 
available.) The problem will be mentioned repeatedly 
in this and other chapters of this book. 



6.1.1. 5 An Example: Stature 

An example of a biometric study in which heritability can be 
estimated is Galtohs classic work on inheritance of stature 
(data from [68]). He measured 204 parental couples along 
with their 928 adult children. There was a methodological 
difficulty due to the lower average stature of women. Galton 
overcame this by multiplying all measurements of females 



by 1.08, thus adjusting them to the male measurements; on 
average the stature of males in his sample was 1.08 times the 
stature of females. Having made this correction, he deter- 
mined the midparent value for each couple: 1/2 (male -+- fe- 
male). The results of the study are presented in the correla- 
tion Table 6.6. A correlation is apparent on inspection of the 
table. The correlation coefficient is: 

= 0.59 p < 0.01 

where is midparent-child correlation. 

This value can be used to calculate h\ The midparent-off- 
spring correlation is: 




with random mating. This gives: 



Obviously, stature is predominantly determined genetically, 
but there is a component of 0.166 = 1 - 0.834 not accounted 
for by additive genetic variance. This may be due mainly to 
“environmental factors.” Do these data offer any hints of en- 
vironmental influences? 

The same data may be arranged in a different way (Ta- 
bles 6.6, 6.7). Here, another divergence from expectation is 
obvious. With additive gene action, the children’s mean is ex- 
pected to be exactly one-half of parents’ values, i. e., should 
be identical to the midparent value. This, however, is not the 
case. Rather, the data show that if the midparent value is 



Table 6.6. Stature (inches) of parents and adult children 
(Galton, from Johannsen 1926 [38]) 



Stature of 
midparent 


Stature of children 










60.7 


62.7 


64.7 


66.7 


68.7 


70.7 


72.7 


74.7 


64 


2 


7 


10 


14 


4 




_ 


_ 


66 


1 


15 


19 


56 


41 


11 


1 


- 


68 


1 


15 


56 


130 


148 


69 


11 


- 


70 


1 


2 


21 


48 


83 


66 


22 


8 


72 


- 


- 


1 


7 


11 


17 


20 


6 


74 


- 


- 


“ 


- 


- 




4 


- 




5 


39 


107 


255 


287 


163 


58 


14 



Table 6.7. Stature (inches) of mid-parent and mean stature of 
children (from Johannsen 1926 [38]) 

Stature of 64.5 65.5 66.5 67.5 68.5 69.5 70.5 7L5 72.5 
mid-parent 

Mean 65.8 66.7 67.2 67.6 68J 68.9 69.5 69.9 72.2 

stature of 

children 
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higher than the population mean, the children’s mean is low- 
er than that of their parents. On the other hand, if the mid- 
parent value is lower than the population mean, the children’s 
mean is higher. Therefore the children’s mean tends to devi- 
ate from the parents’ mean in the direction of the population 
mean. 

This phenomenon was observed by Galton and termed “re- 
gression to the mean.” It can also be shown in other, similarly 
continuously distributed characteristics (Fig. 6.11). 

What is the reason for this divergence from genetic 
expectations? Individuals who can be ranged at the 
extremes of a distribution curve presumably obtain 
not only the genetic factors that make for the extreme 
phenotype but probably have benefited in addition 
from unusual environmental circumstances. Further- 
more, specific gene-gene and gene-environmental in- 
teractions may have been operative in causing their 
extreme phenotypes. Their children on average are 
less likely to benefit from the special environmental 
influences and gene- environmental interaction that 
placed the parent in the extreme categories. Their 
phenotypic values are therefore likely to be closer to 
the mean of the population - a regression to the 
mean. 



6.1. 1.6 Quantitative Genetics and the Paradigms 
of Mendei and Gaiton 

How do the two paradigms on which human genetics 
was founded relate to each other? The gene concept 
developed from Mendel’s experiments (Sect. 1.4), 
while Gallon’s paradigm was based on concepts of 
correlation between human relatives and regression 
analysis. The two concepts can be linked theoretically 
to each other. Results of correlation studies in rela- 
tives can be interpreted in terms of action of indivi- 
dual genes, as was first shown extensively by Fisher 
(1918) [44]. Such correlation studies using biometric 
methods can complement genetic analysis. 

Paradigms of Mendel and Galton: Explanatory Power. 
As mentioned in the “Introduction,” a paradigm 
comprises three main aspects: an exemplary ap- 
proach, a group of scientists who follow this ap- 
proach, and at least the germ of a scientific theory. 
The long-term success of a paradigm depends mainly 
on the depth and explanatory power of this theory. 
Therefore it may be useful to compare the two para- 
digms regarding values of their underlying theories, 
using criteria developed in the philosophy of science 
[18]. According to Bunge, 

The basic desiderata of scientific theory construction are the 
following: (1) To systematize knowledge by establishing logi- 
cal relations among previously disconnected items; in parti- 



cular, to explain empirical generalizations by deriving them 
from higher-level hypotheses. (2) To explain facts by means 
of systems of hypotheses entailing the propositions that ex- 
press the facts concerned. (3) To increase knowledge by deriv- 
ing new propositions (e. g., predictions) from the premises in 
conjunction with relevant information. (4) To enhance the 
testability of the hypotheses, by subjecting each of them to 
the control of the other hypotheses of the system . . . 

A few scientific theories comply not only with the basic desi- 
derata (i)-(4) but also with the following additional goals: 
(5) To guide research either (a) by posing or reformulating 
fruitful problems, or (b) by suggesting the gathering of new 
data which would be unthinkable without the theory, or 
(c) by suggesting entire new lines of investigation. (6) To of- 
fer a map of a chunk of reality, i. e., a representation ... of 
real objects and not just a summary of actual data and a de- 
vice for producing new data. 

Bunge used Darwin’s theory of evolution as an exam- 
ple of a theory that fulfills all the above criteria. In 
general, the ability of a theory to fulfill its task de- 
pends on its depth. Criteria for the depth of a theory 
are: “The occurrence of high-level constructs; the 
presence of a mechanism, and a high explanatory 
power. The three propositions are intimately linked: 
it is only by introducing high-brow (transempirical) 
concepts that unobservable ‘mechanisms’ can be hy- 
pothesized, and only what is hypothesized to occur 
in the depths can explain what is observed at the sur- 
face.” 

Less deep theories are closer to the phenomena; these 
are therefore called “phenomenological”; in distinc- 
tion to these are theories hypothesizing definite 
“mechanisms,” which are often called “representa- 
tional” or “mechanistic.” Often such deep mechanis- 
tic theories reward the scientists with an unexpected 
bonus: their explanatory power extends beyond the 
range of phenomena for the explanation of which 
they had been created. 

When the theories that developed within the para- 
digms of Galton and Mendel are compared using 
these criteria, Gabon’s approach appears as a phe- 
nomenological theory. K. Pearson, Gabon’s master 
student, pointed out as early as 1904 that quantitative 
comparison of phenotypes between relatives with 
biometric methods leads to “a purely descriptive sta- 
tistical theory.” To some degree, it may systematize 
knowledge, but it offers only relatively low-level and 
nonspecific hypotheses, i. e., similarity between rela- 
tives can be explained by heredity - or, more specifi- 
cally, by additive gene action either with or without 
a contribution of dominance, or of environmental 
contributions. Such propositions are of a very general 
nature, and there is only occasional enhancement by 
additional hypotheses. For an example, see the Carter 
effect described in Sect. 6.1.2.3; here the higher inci- 
dence of a birth defect in relatives of female probands 
is predicted and explained by the additional hypoth- 
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esis of identical distribution of liability genes in both 
sexes, despite the unequal sex distribution among the 
probands. Bunge’s conditions 5 and 6 are not fulfilled 
at all: Problems are not reformulated in a fruitful way, 
nor does the theory suggest gathering of new data. It 
suggests only the obvious: comparison of relatives. 
Compare with this result the theory founded by Men- 
del’s paradigm. Soon after its discovery a high-order 
construct - the unit of transmission, recombination, 
and function now called a “gene” - was introduced. 
This opened the way for investigating the mechan- 
isms of gene replication, transmission, recombina- 
tion, and action. Stepwise elucidation of these mech- 
anisms constitutes the history and present situation 
of genetics. The explanatory power of this theory 
has been proven far beyond the range of phenomena 
for which it was originally developed. At present the 
theory explains not only transmission of traits from 
parent to offspring but also between different cell 
generations of an organism, for example, cancer for- 
mation. 

Its explanatory power has not yet been exhausted. 
Returning to our classification of genetic analysis 
(i. e., at the DNA-gene level, at the gene product-bio- 
chemical level, at the qualitative phenotypic level, 
and at the quantitative phenotypic-biometric level), 
the Galtonian biometric paradigm provides answers 
at the level most remote from gene action. Research 
with biometric genetic methods can be said to be 
guided by “black box” theory. Two external observa- 
ble variables - the measurements of parents and chil- 
dren or other sets of relatives - are compared with 
each other, but the mediating biological variables are 
unknown and remain in a black box (Fig. 6.13). 

All of human development, structure, and function is 
ultimately controlled by genes. Differences among 
human beings can be demonstrated by unique phy- 
siological, biochemical, and immunological features 



BLACK 

BOX 




External (observed) variable-^Q 

V 

Mediating variable 

▼ 

bcternal(observed) variable-^O 



Fig. 6.13. Difference between a “black box” hypothesis and a 
hypothesis involving a mechanism. In a black box hypothesis 
(left) the mediating variable by which one observable vari- 
able influences the other is unknown. In an explanatory hy- 
pothesis (right) the mediating variable can be deduced from 
scientific theory; a mechanism for the influence of one ob- 
servable variable to the second can be found 



of each individual. Genetic determination of these 
features can be shown by family resemblance. The 
degree of resemblance depends upon the closeness 
of the relationship. Monozygous twins share all their 
genes and are more similar than any other relatives. 
Sibs share 30 % of their genes, while more remote re- 
latives share only a small fraction. 

A comparison of relatives using biometric techniques 
for the measurement of any human phenotype is 
therefore likely to show genetic factors underlying 
that trait. A “heritability” or the proportion of total 
variability attributed to genetic causation is expected 
to be higher than 0. Since the principal biological ba- 
sis of human behavior lies in the brain, and the brain 
is as likely to show genetic variation as any other or- 
gan, some genetic factors are likely to determine be- 
havior on a priori grounds. The teasing apart of 
shared genes and a shared environment in the family 
setting becomes particularly difficult in behavioral 
traits and causes problems in interpretation. Polem- 
ics with potentially explosive sociopolitical ramifica- 
tions have resulted (see Chap. 17). 

Analysis of any human trait and particularly of hu- 
man behavior yields more meaningful information if 
the phenotype under investigation can be studied by 
Mendelian techniques at the level of gene action. 
The black box is thus opened, and the unknown med- 
iating variable is replaced by a known biological 
mechanism. 

Considering the marked differences in scientific val- 
ue of both theories, one might ask why some work 
in human genetics is still being performed along Gal- 
tonian lines. The principal explanation is that analy- 
sis guided by advanced genetic theory is often impos- 
sible. Most human phenotypes - such as behavioral 
phenotypes and disease liabilities - simply cannot 
be studied directly according to Mendelian princi- 
ples. The underlying variables to be analyzed must 
first be isolated using additional, sometimes sophisti- 
cated, biological techniques of all types. Finding such 
variables requires specialized knowledge in normal 
and abnormal human biology using the methodology 
of the various biomedical sciences. Counting and 
measurement of more simple and obvious pheno- 
types, on the other hand, can often be carried out. 
This is why Galtonian techniques have often been 
the first approach to further analysis and can often 
bring practically useful results despite their theoreti- 
cal weakness. 

Here the new methods from molecular genetics may 
bring a significant change. Linkage studies with 
DNA markers help in localizing and analyzing genes 
without prior knowledge of mechanisms of their ac- 
tion. Once the gene is known, its mechanism of ac- 
tion and its contribution to a complex phenotype 
can be identified. At the moment, however, this ap- 
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proach - despite its theoretical appeal - has not met 
with practical success. Still, the Galtonian approach 
continues to be important for formulation of hypoth- 
eses, for selection of traits to be studied with more 
incisive methods, and for devising research strate- 
gies. Human traits that are under control of a large 
number of genes, each contributing to the total varia- 
bility, are difficult to study by the Mendelian ap- 
proach. For some of these traits, however, the con- 
ventional biometric paradigm, which presupposes a 
large number of genes of small effect, may not be ap- 
propriate. One or several genes with major effect that 
are detectable individually with biological techniques 
may be at work, with the remaining genes providing 
the “genetic background.” 

Consequently we should use Galtonian techniques as 
long as no better alternatives are available. However, 
we should refrain from making them a goal in them- 
selves; the challenge that in principle a better alterna- 
tive is possible should always be kept in mind. It is all 
too easy for groups of geneticists trained mainly in 
statistical methods and the use of computers to devel- 
op highly sophisticated statistical methods for com- 
puting heritabilities, developing path analyses for 
contribution of various factors from heredity, family 
environment, economic status in a phenotype, or 
comparing genetic models with and without contri- 
butions for major genes to a certain phenotype. How- 
ever, the final result is often disappointing to biologi- 
cally oriented scientists, who demand more incisive 
data. Statistical methods are of great importance for 
analysis in human genetics. They should be used, for 
example, in testing biologically well-founded hypoth- 
eses that have been proposed under the guidance of a 
powerful biological theory. With increasing insight 
into the genetic and environmental determinants of 
complex phenotypes, such as birth defects, diseases, 
and behavioral characteristics, statistical methods 
for their analysis are also becoming more sophisticat- 
ed. Interactions between various genes, as well as be- 
tween genes and environmental determinants must 
be considered. The geneticist - who is necessarily 
specialized in only one of the many fields requiring 
expert knowledge - should be careful not to loose 
sight of the factual basis of this analysis. It is neces- 
sary to maintain a clear conceptual distinction of 
the various levels at which basic data are available 
and of the level at which genetic analysis is per- 
formed. 

This should be kept in mind when the following sec- 
tions on more complex models of inheritance are 
studied. 



6.1.2 Multifactorial Inheritance in Combination 
with a Threshold Effect 

6. 7.2. 7 Description of the Model 

The previous section described genetic analysis at the 
quantitative phenotypic-biometric level for normal 
traits with a unimodal and nearly normal distribu- 
tion in the population. The simple model of additive 
polygenic inheritance was shown to account for these 
properties so that parent-offspring and sib-sib corre- 
lations can be used to estimate heritability h^. 

In many diseases and malformations, however, clear 
qualitative distributions apply: the individual either 
suffers from a given disease or is free from it. How- 
ever, neither family investigations nor chromosome 
studies have been able to uncover a simple mode of 
inheritance or a visible chromosome abnormality. 
Family studies show an increased empirical risk for 
near relatives to be affected with the same condition 
(familial aggregation). In many cases pathophysiolog- 
ical considerations suggest a complicated etiology. 
Various biological influences are often obvious, and 
environmental factors such as malnutrition, infective 
organisms, and unknown agents are additionally im- 
plicated. When all these genetic and environmental 
influences together exceed a certain threshold, the or- 
ganism’s capacity to cope breaks down and the indi- 
vidual becomes ill or dies. 

The terms “threshold” and “liability” are often used 
in discussion of multifactorial inheritance. A thresh- 
old implies a sharp qualitative difference beyond 
which individuals are affected. While the concept of 
a threshold is useful for models of multifactorial in- 
heritance, it is seldom likely to exist. The concept of 
a liability implies a graded continuum of increasing 
susceptibility to the disease. It is more difficult to 
deal with analytically, but biologically this mechan- 
ism is more likely to apply in most situations. 

In hereditary diseases with simple mode of inherit- 
ance, malfunction caused by a mutation at a single 
gene prevents normal function. In other conditions 
the mutation only leads to difficulties in special cir- 
cumstances, such as in the monogenically determined 
drug reaction (Sect. 7.5.1). Most conditions, however, 
are so complex that direct analysis of all contributing 
factors becomes impossible. Obviously many differ- 
ent genes are involved. We are left with the black 
box situation - genetic analysis can be carried out 
more readily by statistical than biological methods. 

To make genetic predictions at this complex level, 
several assumptions are necessary: 

a) The genetic liability to disease is more or less nor- 
mally distributed, and the distribution shows one 
mode. 
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b) The liability is caused by a great number of genes 
acting additively, each contributing equally to the 
liability. 

c) The individual becomes sick or malformed when 
liability exceeds a certain threshold. This thresh- 
old may be sharply defined; in most cases, how- 
ever, there is a threshold area within which addi- 
tional environmental circumstances determine 
whether the individual becomes ill (Fig. 6.14). 

Obviously this model oversimplifies the actual situa- 
tion, but it may be useful as the first step in under- 
standing certain common diseases and malforma- 
tions. 




Fig. 6.14. Multifactorial inheritance in combination with a 
threshold effect - the simplest situation. The disease liability 
(for definition see text) shows a normal distribution; indivi- 
duals to the right of the threshold are affected with the dis- 
ease 



Animal Experiments. Certain observations in experimental 
genetics of mammals have been explained by threshold 
characters such as polydactyly in the guinea pig [173]. Two 
strains were crossed, one with the normal three toes on 
the hind feet, the other with four toes. Among the ani- 
mals only a few had four toes, whereas in the second gen- 
eration of Fj X Fj crosses about one-fourth of all animals 
showed four toes. Genetic analysis suggested that the two 
strains differed in additive alleles at four gene loci: any an- 
imal could have a maximum of eight and a minimum of 
zero plus alleles. In matings of two homozygous animals 
(8 X o) (Fig. 6.15) the F^ generation being heterozygous 
should have four plus alleles. This genotype leads to 
four toes only in exceptional cases. In the F^ generation 
(Fj X F^) all combinations of plus alleles occur, giving a con- 
tinuous distribution. In this case it was shown in principle 
that additive gene action may indeed be associated with a 
threshold character (Fig. 6.15). In another example not only 
the discontinuous but also the continuous phase was de- 
monstrated, i. e., a phenotypic effect of the quantitatively 
varying liability. Grueneberg [55, 56] analyzed such a 
system in the mouse. In mice of the inbred CBA strain a 
third molar tooth is frequently lacking. In 133 of 744 CBA 
animals at least one of the four third molars was missing. 
In the C57 black strain, however, this molar is almost al- 
ways present. Crossing between the two strains (CBA x 
C57) showed that the mode of inheritance is not simple, 
in spite of the fact that the character (tooth present or ab- 
sent) is a clearcut alternative trait. Even in animals of the 
CBA strain with the extra tooth it was on the average 
much smaller than in the C57 black strain (Fig. 6.16). 
Therefore in the CBA strain tooth size varies continuously 
down to a certain minimum size. Below this threshold the 
tooth is not formed at all. Grueneberg called this phenom- 
enon “quasi-continuous variation.” The threshold is not ab- 
solutely sharp, and there seems instead to be a threshold 
area. The multifactorial genetic basis was revealed princi- 
pally by the strong difference between the two strains and 
by the interstrain crosses. Within the genetically uniform 
CBA strain, variability was caused by environmental influ- 
ences. 

Demonstration of both continuously distributed lia- 
bility and discontinuous thresholds has been tried re- 
peatedly in humans (see, for example [28]), but in 
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Fig. 6.15. Multifactorial inheritance in combination with a 
threshold: presence of an extra toe in guinea pigs. Two paren- 
tal stocks, one showing three toes and the other four toes. A 
fraction of the F^ hybrids shows four toes. Genetic analysis 
showed eight genes to be responsible for this trait. The num- 
ber of animals showing this extra toe depends on the number 
of “plus” genes. (From Wright 1931 [173]) 





Fig. 6.16. Distribution of the sizes of the third lower molar in 
two inbred mouse strains, CBA (above) and C57 black (be- 
low). (From Griineberg 1952 [56]) 



most cases only the discontinuous phase is observed; 
the individual is either affected or unaffected. To as- 
certain the type of familial pattern that can be expect- 
ed with threshold characteristics, a theoretical model 
is examined below. 
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6.1. 2.2 Simple Theoretical Model 

Note the model set out in Sect. 6.1.1.3: two gene pairs 
A, a; B, b with equal and additive contributions to 
the phenotype and gene frequencies pi = p2 = (h = 

= 0.5. This genotype is assumed to determine a liabi- 
lity, leading to a manifest disease when three or four 
plus alleles (A or B) are present (Fig. 6.17). The rela- 
tive numbers of affected and unaffected children 
from the mating types, plus x plus, plus x minus, 
and minus x minus are seen in Fig. 6.18. 

These expectations are remarkably similar to those of 
a simple autosomal- dominant mode of inheritance: 
expectations for mating plus x plus are almost identi- 
cal when a certain number of homozygotes among 
the plus parents are assumed. For matings plus x mi- 
nus the expectation is somewhat but certainly not 
very much lower with the additive model. Still, regu- 
lar dominance with full penetrance in the heterozy- 
gote is always clearly distinguishable, especially 
when more than two generations of a family can be 
investigated. With incomplete penetrance, however. 
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Fig. 6.17. Multi factorial inheritance of two gene pairs A, a, B, 
b in combination with a threshold: phenotypes - (□) and + 
(■) depending on the number of genes A, B in a random 
mating population. Gene frequencies A = B = a = b = 0.5. 
Five phenotypes (o, 1, 2, 3, 4) are possible (also see Fig. 6,1a) 



the problem of discrimination from multifactorial in- 
heritance with a threshold becomes very difficult; 
some sibships must now be expected in which both 
parents are unaffected, and the segregation ratio is 
lower than 0.5. Here, however, a comparison between 
sibships from plus x minus and minus x minus mat- 
ings may help. In the multifactorial model a lower ra- 
tio of affected is expected when both parents are un- 
affected than when one parent is affected, whereas 
with simple autosomal-dominance and incomplete 
penetrance segregation ratios should be identical un- 
der such circumstances. This argument could be 
challenged by the assertion that penetrance may be 
influenced by the genetic background. The problem 
then becomes largely semantic; it is obvious from 
the outset that the assumption of equal contributions 
of all genes to the phenotypes is an oversimplifica- 
tion. However, if their contribution were unequal, at 
what degree of contribution of one locus to pheno- 
typic variability should we start talking about a “ma- 
jor gene”? However, the stronger the contribution of 
single genes, the better are the prospects of identify- 
ing such genes by linkage analysis. 

The case examined above is a very special one. The 
following criteria for multifactorial inheritance and 
against the simple diallelic mode of inheritance fol- 
low intuitively from the simple, special model set 
out above but could be derived in a more stringent 
way [738]. 

6.1. 2.3 How Should the Model Be Used 
for Analysis of Data? [ 157 ] 

These theoretical results must be used with caution 
in the analysis of actual data. As mentioned repeated- 
ly, the multifactorial model is an abstraction and pre- 
sents an oversimplified picture of the way in which 
multiple gene loci cooperate to create a liability. In 
addition, the data normally available are limited and 
therefore tend to have high sampling variances. 
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Fig. 6.18. Relative frequency of children + and - from four 
different mating types in the genetic model described in 
Fig. 6.17 
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Qualitative (or Semiquantitative) Criteria for Multifac- 
torial Inheritance. Four such criteria can be derived: 

1. The twin criterion: if concordance in MZ twins is 
more than four times higher than in DZ twins, a 
multifactorial model is more adequate than a simple 
diallelic model (Table 6.8). The opposite does not 
apply: a concordance ratio of less than 4 does not 
necessarily rule out the multifactorial hypothesis. 

2. Segregation ratio of affected and unaffected sibs in 
matings plus x minus and minus x minus: if affect- 
ed sibs are more than 2.5 times more frequent in 
matings with one affected parent than in matings 
with two unaffected parents, the multifactorial mod- 
el should be preferred. Here, again, a ratio of less 
than 2.5 does not exclude multifactorial inheritance. 

3. Sex ratio of affected persons: many anomalies for 
which multifactorial inheritance should be consid- 
ered show a sex difference in incidence. In most 
cases only a small part of this sex difference is related 
directly to the sex chromosomes; most is due to phy- 
siological differences between the sexes. It is there- 
fore reasonable to assume that the genotypic liability 
shows the same distribution in both sexes, but that 
the threshold is different. Consequently an affected 
person belonging to the sex with lower incidence 
has on average a higher personal liability than affec- 
ted individuals of the other sex. This higher liability 
manifest itself as a higher frequency of affected rela- 
tives. The sex with the lower incidence should have a 



Table 6.8. Twin concordance with various modes of inheri- 
tance 





M2 twins 


DZ twins 


Au to so mal - do mi n am 


100 % 


50% 


inheritance'' 






Au tos 0 mal - recess i ve 


100 % 


25% 


inheritance'' 






Multifactorial inheritance with 


-40 %-60% 


-4%-8% 



environmental influences^ 

^ Theoretical expectations, 
^ Empirical findings. 



higher proportion of affected relatives, when the 
same degrees of relationship are compared. This ar- 
gument was first put forward by Carter [20] and is 
sometimes called the Carter effect. Carter demon- 
strated it in pyloric stenosis, an anomaly in the new- 
born in which the thickening of the pyloric muscle 
prevents release of stomach contents into the duode- 
num. While this defect is much more frequent in in- 
fant boys than in girls, there is a higher incidence 
among relatives of affected girls than among rela- 
tives of affected boys (Table 6.9 and Fig. 6.19). 





Fig. 6.19. A multifactorial condition may be more common in 
one sex than in the other. Pyloric stenosis, for example, is 
more common in males than in females. The genetic liability, 
on the other hand, can be assumed to be identical in both 
sexes. The position of the threshold differs. As a consequence 
the average affected male expresses the trait with a lower ge- 
netic liability than the average affected female. Therefore the 
incidence of this condition among relatives of male probands 
is expected to be lower than among relatives of affected fe- 
male probands who carry more of the predisposing genes 
than affected males. This phenenomen is sometimes called 
the “Carter effect” [20] 



Table 6.9. Pyloric stenosis: frequency among the close relatives of male and female probands (from Fuhrmann and Vogel 1983 
[46], adapted from [20]) 





Brother 


Sister 


Son 


Daughter 


Nephew 


Niece 


Male cousin 


Female cousin 


Males 


5/230 


5/242 


19/296 


7/274 


5/231 


1/213 


6/1061 


3/1043 


(n = 281) 


2.17% 


2.07% 


6.42% 


2.55% 


2.16% 


0.47% 


0.57% 


0.29% 


Females 


11/101 


9/101 


14/61 


7/62 


4/60 


1/78 


6/745 


2/694 


(n = 149) 


10.89% 


8.91% 


22.95% 


11.48% 


6.67% 


1.28% 


0.81% 


0.29% 



Incidence m random mating population 
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4. Consanguinity: the models examined above as- 
sume random mating. With consanguinity, how- 
ever, the distribution of the liability in the popula- 
tion has a higher variance: 

Vp=VoX(l+F) ( 6 . 5 ) 

Here, F = the inbreeding coefficient, Vp = variance 
among all progeny from matings with inbreeding 
coefficient F, Vq = variance with random mating 
(Fig. 6.20). Figure 6.21 shows the increased inci- 
dence among children from first-cousin matings 
(F = 1/16) compared with the random mating popu- 
lation. The much larger increase observed with 
monogenic, autosomal-recessive inheritance is giv- 
en for comparison. In most cases, however, autoso- 



mal-dominant inheritance with reduced penetrance 
rather than autosomal-recessive inheritance is the 
obvious alternative to the multifactorial model. 
Therefore a moderate increase of the condition 
with inbreeding is an additional argument favoring 
a multifactorial model over an autosomal-dominant 
model, provided that admixture of families with a 
rare, autosomal-recessive type can be excluded. 

Quantitative Criteria. It is not entirely satisfactory to 
use only semiquantitative criteria for a genetic mod- 
el; methods for quantitative comparison are thus 
needed. Such methods have been developed. 

The incidences of the character in question are deter- 
mined among the different degrees of relatives of the 



F = 0 



Liability ^ Threshold 

Fig. 6.20. Distribution of genetic liability with random mat- right of the threshold indicate the increase in frequency of a 

ing and with F = ^ (first-cousin marriage). The areas at the threshold character. S, Threshold 





Fig. 6.21. Increased incidence of auto- 
somal-recessive and multifactorial 
characters among children from first- 
cousin matings compared with popula- 
tion incidence 
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probands. Then, the joint probability of all these inci- 
dence figures together is compared with its theoreti- 
cal expectation from the multifactorial model, on the 
one hand, and the diallelic model, on the other. With- 
in the diallelic model hypotheses can be specified, 
such as autosomal-dominant inheritance with var- 
ious degrees of penetrance or autosomal-recessive in- 
heritance. Another atternative often considered is a 
polygenic background in combination with a major 
gene; i.e., a “mixed model.” Appendix 3 provides 
many more details, a table comprising a number of 
available computer programs, and information on 
how to obtain access to these programs. 

Comparison of Genetic Models. The principle of such 
a comparison can be described as follows: If the inci- 
dence of a trait in the population is known, each ge- 
netic model leads to a certain distribution of affected 
individuals among various categories of relatives of 
the probands. If the mode of inheritance is autoso- 
mal-dominant, for example, about the same propor- 
tion of affected persons is often found among parents 
as among sibs. With autosomal recessive inheritance, 
on the other hand, affected persons occur mainly 
among sibs but much more rarely among parents or 
children. With polygenic inheritance and a threshold, 
the proportion of affected sibs is often higher if one 
parent is affected than if both parents are unaffected; 
this difference does not exist, or is much smaller, if a 
dominant gene with incomplete penetrance is in- 
volved. Expectations for various degrees of relation- 
ship with the proband can be calculated for various 
genetic hypotheses and can then be compared with 
empirical observations. The functions derived for 
the various genetic hypotheses are called likelihood 
functions; for the polygenic model they permit esti- 
mation of the two important parameters: incidence 
of the trait in the population and heritability {h^; see 
above). From these estimates, expected frequencies 
of the trait among various types of relatives can be 
derived, and compared with the actually observed 
frequencies. 

When these likelihood functions for various genetic 
models have been established, they can be compared 
to ascertain which of them best fits the data set. In 
practice the ratio of likelihood functions of two mod- 
els, or its logarithm, is often used; this principle is ex- 
plained in greater detail in the context of lod scores 
used for linkage analysis in Sect. 5.1.2. 

Let us assume that two models have been compared: 
polygenic inheritance in combination with a threshold 
and an autosomal dominant mode of inheritance with 
incomplete penetrance. Four outcomes are possible: 

1. There is no difference between the empirical data 
and either model; no model can be excluded. 



2. Only the model of dominant inheritance of a single 
gene can be excluded. 

3. Only the polygenic model can be excluded. 

4. Both models can be excluded. 

6 . 1.2.4 If the Statistical Analysis Gives 

No Clear Answer, How Should We Decide? 

The above discussion indicates that compatibility of a 
set of data with a genetic model does not mean that 
this model is correct. A completely different model 
could fit the same data equally well. As shown above 
and in Appendix 3, there is considerable overlap in 
expectations between the special models chosen here 
as examples for a diallelic single locus and a poly- 
genic model, especially if the condition studied is 
common. It is a general rule that scientific hypoth- 
eses can be refuted when the observations do not fit 
but cannot be accepted until all other possible and 
plausible hypotheses have been excluded. However, 
the human geneticist working with anomalies that 
have simple modes of inheritance tends to forget 
this rule, as the relationship between observation 
and genetic hypothesis is quite straightforward in 
the usual cases of simple modes of inheritance. 

How should one proceed when the statistical data do 
not permit a decision in favor of either of these hy- 
potheses? The most obvious answer would be to leave 
the problem open. However, the tendency of family 
data to evade clear interpretation is a challenge; fur- 
thermore, the diseases involved are frequent and 
practically important so that more thorough research 
into their causes is needed. Hence some guidance for 
further studies and genetic counseling may be desir- 
able. 

The hypothesis of a major gene has many advantages 
for research strategy. In earlier times, however, when 
only the analytical way from phenotype to protein to 
gene was available, search for a major biological 
cause for the disease often led to disappointment. In 
such situations, identification of genes by a linkage 
approach, followed by identification of gene action 
and its deficiencies by positional cloning, aroused 
new hope. This stretegy is pursued in psychiatric 
genetics, for example, schizophrenia research 
(Chap. 16). It must be admitted, however, that the re- 
sults have not been too impressive so far. 

The genetic hypothesis of multifactorial inheritance 
is more cautious and conservative; adopting it as a 
preliminary description of the data, we remain aware 
that it represents analysis at the level most remote 
from the gene action: the black box must still be 
opened up. In thinking about strategies, we are not 
guided in one direction by an overpowering genetic 
hypothesis but remain open-minded toward various 
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possibilities. If pursuing one of them should indeed 
lead to discovery of major gene action, we would be 
overjoyed, as this would bring our analysis down to 
a more genetic or biochemical plane. However, if the 
attempt does not succeed, we are still open to consid- 
ering how a smaller deviation in a physiological para- 
meter - which may be present even in only a fraction 
of our probands - could interact with other small de- 
viations to cause a truly multifactorial disease liabili- 
ty* 

Therefore, if one cannot be reasonably certain that 
single gene action applies by a clearcut genetic or 
biochemical criterion or both, acceptance of the 
more general multifactorial model is the wiser deci- 
sion. However, in many cases a major gene has not 
really been excluded. This may have consequences 
for our attitude toward genetic risks due to muta- 
genic agents (Sect.ii.i): adopting a multifactorial 
model without reservation may lead us to underesti- 
mate genetic threats. To avoid this error, some ex- 
periences from genetic research in experimental 
mammals deserve consideration. 

6.1. 2.5 Radiatiori’lnduced Dominant Skeleton 
Mutations in the Mouse: 

Major Gene Mutations that Would Not 
Be Discovered in Humans 

Experimental work with mammals has shown how 
major gene action may be hidden in the phenotypic 
variability of the organism. Such major genes may 
be exposed by suitable breeding studies or by pheno- 
typic analysis of induced mutations. One example is 
discussed here which is also important for risk as- 
sessment of mutation induction in humans [128]. 
Genetic damage due to dominant mutations induced 
by a mutagenic agent, for example, radiation, can be 
assessed by comparing first-generation descendants 
from treated and untreated animals, but for many 
characteristics it is difficult to distinguish between 
the effects of newly occurring genetic damage and 
the variation existing within a strain. Such studies 
have been performed mainly for cataracts or skeletal 
anomalies. These defects are especially interesting 
for the question of multifactorial versus single-gene 
inheritance. Many of the induced mutations would 
not have been identified from their phenotypic ef- 
fects as determined by single-gene mutations or small 
deletions had they not been the results of a mutation 
experiment; for example, they showed low pene- 
trance, very variable expressivity, and in the next 
generation segregation ratios which were much lower 
than those expected with a simple dominant mode of 
inheritance. These experiments indicate that even in 



situations in which the phenotype appears to point 
to multifactorial inheritance the influence of major 
genes may still be involved. 

However, these results should be generalized to hu- 
man mutations only with caution: radiation-induced 
mutations are often deletions, while “spontaneous” 
mutations are predominantly single base substitu- 
tions that may cause less impressive clinical signs. 

6.1. 2.6 Isolation of Specific Genetic Types with 
Simple Diallelic Modes of Inheritance 
Using Additional, Phenotypic Criteria 

It is often possible to define specific Mendelian sub- 
types of diseases from a large heterogeneous group 
of patients. The combination of careful clinical analy- 
sis and laboratory studies with genetic analysis may 
often be successful in isolating genetic from nonge- 
netic entities. Early success was obtained in cases of 
mental retardation [112], deafness, and blindness. 
With the development of improved nosology coupled 
with careful clinical observation, many patients with 
mental retardation previously thought to be unclassi- 
fiable can now be categorized into specific entities. 
The various types of X-linked mental retardation, 
especially the common type with fragile-X, are a 
good example for a very common condition [150]. 

Discussion of ocher aspects of X-linked mentaJ retarda- 
tion with Fra X chromosome: 

- Sect. 9.3: Mutation rate 

-- Sect. 15.2.1.2: Types of mental retardation 

- Sect. 1B.2; 18.1; Genetic counselingi prenatal 

diagnosis 

Studies on blind and deaf children in residential in- 
stitutions have also been successful. In deafness and 
blindness about 50% of all residential cases have 
been shown to be genetic in origin. Practically all 
cases were of Mendelian rather than multifactorial 
origin. Many different types were found. 

It is almost a general rule that among the multifacto- 
rial diseases, rare (and not so rare) Mendelian var- 
iants can often be distinguished. Thus, X-linked defi- 
ciency of hypoxanthine guanine phosphoribosyl 
transferase causes 1% of cases of gout. Some cases 
of hypertension are caused by the rare inherited 
pheochromocytoma. Cancer of the esophagus may 
be rarely caused by a gene producing keratomas of 
the palms and soles at the same time (Fig. 6.22). 

There are a number of syndromes in which cancer occurs (see 
Chap. 10 ) as part of a more comprehensive pleiotropic pattern. 
Occasionally families show dominant inheritance of a more or 
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I ^ ' Keratoma palmare et plantore + Cancer of esophagus 
Q ^ = only Keratoma palmare et plantore 

Fig. 6.22. Cancer of the esophagus as an additional symptom toma palmare et plantare. (From Howell-Evans et al. 1958 
in patients with a special, autosomal-dominant type of kera- [64]) 



less common cancer. Here early onset and multiple occurrence 
of cancers helps to delimit these major gene manifestations 
from the usual cancer type. Cancer of the breast, with an early 
age at onset, often occurs as a Mendelian dominant trait and is 
found in about 0.5% of the female population (Chap. 10). In 
the pedigree in Fig. 6.22 the ages of the cancer patients are 
34> 37> 38, 43> 44> 45> 46, 52, and 63 years, all but the last being 
very unusual for cancer of the esophagus. In dermatology, 
many benign and malignant tumors are observed as isolated 
cases as well as in families. Here, as in other conditions, single 
tumors in one patient favor a nongenetic origin whereas mul- 
tiple tumors tend to be inherited and frequently show an auto- 
somal-dominant mode of inheritance (see [53]). 

6.1. 2.7 How Can an Apparently Multifactorial 
Condition Be Analyzed Further, 

When Special Types with Simple Modes 
of Inheritance Cannot Be Isolated? 

A Complex Functional Defect Is Caused by a Combi- 
nation of Small Aberrations. The additive model 
used for a somewhat more quantitative understand- 
ing of multifactorial inheritance is an oversimplistic 
abstraction. In reality the variability is not unidimen- 
sional, and a variety of various genetically deter- 
mined physiological influences may cooperate to 
induce a certain condition. It should be possible to 
isolate some of these influences. 

In two series of children with strabismus examined by one 
investigator [121], the figures in Table 6.23 were found for 
parents and for siblings resulting from different mating 
types. Of 12 monozygotic twin pairs, 11 were concordant, 
whereas only 7 of 27 dizygotic pairs showed concordance. 
The data point strongly toward multifactorial inheritance. In- 
complete dominance cannot be excluded but would require 
additional influence by the genetic background. 



Table 6.10. Frequency of manifest strabismus (+) among sibs 
of children with strabismus. (From Richter 1967 [121]; Vogel 
and Kruger 1967 [157]) 



Mating type 


Number of 


Number of 


Manifest stra- 


of parents 


propositi 


sibs 


bismus in sibs 


Series of 697 patients ( 4-7 years old) 




+ x + 


24 


33 


11 ( 33 . 3 %) 


+ x- 


288 


301 


95 ( 30 . 6 %) 


” X - 


385 


478 


98 ( 20 . 5 %) 


Series of 136 school children (12 years 0 


Id) 


+ X + 


6 


6 


3 ( 50 . 0 %) 


+ X- 


61 


120 


52 ( 43 . 3 %) 


-X” 


69 


82 


2 ( 29 . 3 %) 



Population frequency of strabismus: 3 %- 4 % 



Richter’s twin series on strabismus 





Concordant 


Discordant 


Total 


MZ twins 


11 


1 


12 


D 2 twins 


7 


20 


27 


Total 


18 


21 


39 



It is known that strabismus is the end result of a number of 
minor physiological aberrations. Each of these alone can be 
overcome to achieve normal eye muscle coordination. When 
several of these aberrations are combined, the regulatory ca- 
pacity of the visual system decompensates, and squinting re- 
sults. Such aberrations occur more frequently among close 
relatives of the proband. In the pedigree in Fig. 6.23 three pa- 
tients squint; two parents show isolated heterophoria (slight 
motor weakness). One parent had an isolated anomaly of re- 
fraction, another shows heterophoria. The eyes of one parent 
were completely normal. The conclusions from this study - 
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I 

II 

III tS 

IT nil 

B senscry anomaly strabismus 

mm refraction anomaly 

Fig. 6.23. Strabismus in three members of a family. Other re- 
latives show different, minor anomalies. Dotted and stippled 
lines, various borderline results. Sensory anomalies observed 
in such pedigrees include, for example, amblyopia and imper- 
fect binocular vision. (From Richter 1967 [121]) 





Fig. 6.24. Relative frequencies of probands manifesting one, 
two or even three atopic diseases. As, Asthma; Ri, rhinitis; 
At, atopic dermatitis. (Data from Zurich, Switzerland; Schny- 
der i960) 



that strabismus is a multifactorial condition, and that some 
physiological factors can be isolated - have been confirmed 
later and were extended in a different population [61]. 

An attempt to analyze the genetic susceptibility to congenital 
dislocation of the hip was successful in demonstrating pre- 
sumably polygenic factors affecting the concavity of the acet- 
abulum together with a possibly monogenic factor affecting 
joint laxity [28]. 

Family investigations that consist of careful examina- 
tion of family members for related and associated ab- 
normalities may help in understanding the relative 
importance of elements which, when combined with 
one another, lead to a complex functional defect. 
This is possible even if single gene action cannot be 
identified. 



tation Pattern. The group of “atopic diseases” com- 
prises atopic dermatitis, bronchial asthma, and hay 
fever. Figure 6.24 shows the relative frequencies of 
probands manifesting one, two, or three atopies in 
the population of Zurich [127]. 

Family investigations are most compatible with mul- 
tifactorial inheritance. A further question can be 
posed: is the influence of the genes on the liability to 
atopic diseases only one-dimensional and quantita- 
tive, or are there other genes influencing the organ 
specificity of disease manifestation? 

If the liability shows a one-dimensional distribution, 
skin atopies (dermatitis) and respiratory atopies 
(asthma, hay fever) should occur in the same ratio 
among relatives of probands with either skin atopies 
or respiratory atopies. On the other hand, if organ- 
specific factors are involved, a certain accumulation 
of similar atopies among the probands’ relatives 
should appear. 

Figure 6.25 illustrates this comparison; among first- 
degree relatives of asthmatics, respiratory atopies are 
much more frequent, whereas among relatives of der- 
matitis patients, atopic dermatitis prevails. Thus, 
within the multifactorial genetic system determining 
the genetic liability to atopic diseases there are fac- 
tors increasing the liability in general that act side 
by side with others influencing special organ mani- 
festations. 

Such an analysis is more satisfying than mere at- 
tempts to fit overall incidence figures with expecta- 
tions derived from genetic models that are oversim- 
plified from the outset. Despite this improvement, ge- 
netic analysis remains at the biometric level, remote 
from gene action. “Breaking open the black box” is 
now on the way. It has been shown, for example, that 
clinical ragweed pollinosis (hay fever) is influenced 
by interaction between two gene loci, one of which 
regulates basic IgE production while the other acts 
on IgE production in reaction to the allergen. The lat- 
ter is identical with or closely linked to the HLA-A2 
allele. Genetic influences at other levels of the im- 
mune response are very well possible [117]. A prob- 
able selective advantage of atopic genotypes under 
more primitive living conditions is discussed in 
Sect. 12.2.1.8. For many other genetic aspects see 

[94]. 



6.2 Genetic Polymorphism and Disease 

6.2.1 New Research Strategy 



A Multifactorial System Comprises a General Disposi- 
tion that May Lead to a Group of Related Diseases; 
Specific Dispositions Influencing the Clinical Manifes- 



Various strategies have been tried for achieving deep- 
er insight into the pathophysiological mechanisms of 
multifactorial diseases. The comparison of disease 
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Fig. 6.25 a, b. Frequency of atopic der- 
matitis and respiratory atopies in rela- 
tives of probands with asthma (a), 
with atopic dermatitis (b). As, Asthma; 
Ri, rhinitis; At, atopic dermatitis. (Data 
from Dorn and Schwarz, in [4 a]; 
VoLiV, 1964) 




a 



b 



phenotypes in families and analysis of the results 
using biometrical methods has led to disappointment 
because it is difficult to find criteria for distinguish- 
ing the various models. A closer look at phenotypes 
in probands and their relatives has met with limited 
but encouraging success in some instances, as shown 
above using atopic diseases and strabismus as exam- 
ples. In principle, linkage studies using DNA markers 
- identification of “major genes” - and analyzing 
their mechanism of action “bottom-up” is a more 
generally applicable strategy (Sect.3.1.3.9). However, 
the results have not been very encouraging so far. 
Therefore it may be a promising alternative strategy 
to try a similar “reverse” approach but not to start 
at the gene-DNA level but at the gene product-bio- 
chemical level. The multifactorial model assumes the 
cooperation of many genes; some of these are expect- 
ed to be frequent. Often a disease phenotype makes it 
difficult to suspect which aspects might be caused by 
special genes. Sometimes, however, pathophysiologi- 
cal or epidemiological evidence suggests analysis at 
an intermediary level. A high blood cholesterol con- 
centration, for example, increases the risk of coro- 
nary heart disease. Therefore it is a good strategy to 
study genetic determination of blood cholesterol; it 
is closer to the level of gene action and may therefore 
give clearer results (see Sect.6.4.2.2). One group of 
genetically determined traits that have been shown 
to influence genetic disease susceptibilities at inter- 
mediary levels are genetic polymorphisms. Work on 
such polymorphisms has succeeded in uncovering 
and analyzing genetic variability at many gene loci 
which determine cell surface antigen structures, en- 
zyme proteins, and serum proteins with many differ- 
ent - and in many cases unknown - functions. Hence 
it is not farfetched to examine whether some of these 
polymorphisms are parts of the multifactorial system 
influencing disease liabilities. 

Harris and Hopkinson [58] showed that at least one- 
third of structural genes determining blood enzymes 



exist as polymorphisms. Thus not every “normal” 
person has the same gene product, and variant pro- 
teins and enzymes are commonly found. It is not 
very meaningful to pick polymorphisms at random 
and study their associations with certain diseases. 
Chances for serendipitous findings are too low. Rath- 
er, those polymorphisms should be selected for which 
a pathophysiological relationship with the disease in 
question may be inferred. However, initial associa- 
tions between genetic polymorphisms and diseases 
were not discovered in this “rational” way. 

6.2.2 Disease Association of the Blood Groups 
6.2.2. 7 ABO Blood Groups 

Shortly after the ABO blood groups were discovered 
associations with certain diseases were suspected. 
During the 1920s the first phase in examination of 
these associations reached its culmination. At that 
time almost every common disease was thought by 
some authors to be associated with the blood groups. 
Most of these studies, however, were carried out with 
insufficient numbers and inadequate methods. Re- 
sults proved largely contradictory. Therefore, the re- 
action of most scientists during the following years 
was understandable: In their - basically justified - 
criticism, they threw out the “baby with the bath wa- 
ter,” and for a long time the blood groups were regar- 
ded as not being associated with disease. 

Wrong Hypothesis Leads to an Important Discovery. The first 
hint of blood group disease associations was the discovery 
of serological mother-child incompatibility in the Rh system. 
A short time thereafter associations with common diseases 
were discovered. 

In 1953 Aird et al. [1] described an association between 
group A and cancer of the stomach. Stocks had shown in 
1950 that mortality in stomach cancer is higher on the aver- 
age in northern English than in southern English cities. 



220 Formal Genetics of Humans: Multifactorial Inheritance and Common Diseases 



Aird et al. proposed that the difference is genetically deter- 
mined. At that time, mouse strains with high and low can- 
cer frequencies had been described. In their search for a 
possible genetic parameter they came across an analogy 
with ABO distribution. In northern England blood group 0 
is more frequent while A is more common in the south. 
Their working hypothesis was that group 0 is associated 
with stomach cancer, causing its higher incidence in the 
north. To examine this hypothesis they collected cancer 
cases in various English and Scottish cities and compared 
their ABO distribution with that of carefully selected control 
samples, generally patients treated in the same hospitals for 
a number of different complaints. 

Table 6.ii shows the result. Contrary to the working hypoth- 
esis, a significant association with group A and not 0 was 
found. Hence the higher cancer mortality in the north could 
not be caused by the higher frequency of group 0 in this 
area. This study triggered a flood of investigations on blood 
group associations of disease. 



Statistical Standard Method. [172] Before the most important 
results are presented, the standard statistical method used 
for their analysis must be explained. Incidence of two charac- 
ters (or groups of characters, for example, A versus 0 or 
A -H B -H AB versus 0) are compared in two samples, the pa- 
tient sample and the control sample. The ratio: 



A(Pat) X O(Con) 
O(Pat) X A(Con) ’ 



( 6 . 6 ) 



has the expected value of 1 when the ratio A/0 is identical in 
the two samples, i. e., if there is no association [A(Pat) is the 
absolute number of A individuals in the patients’ sample and 
A(Con) the absolute number of A individuals among con- 
trols]. Otherwise the ratio x is higher or lower than 1. This ra- 
tio X is commonly called the “relative incidence.” In our ex- 
ample its meaning is that the incidence of stomach cancer 
in persons of group A is x times higher than that in persons 
of group 0. The deviation of x from 1 can be tested for signif- 
icance as follows: 



y = - = + — : — + — :: — + — : — 

w A(Pat) O(Pat) A(Con) O(Con) 

of deviation = w (\ df). 

A number of estimates of x can be combined to a common 
estimate as follows: 

y=lnX; 

of deviation: (1 df) 

X^ of heterogeneity: 

(df = number of single comparisons - 1). 

Standard deviation of Y: 0 = 




A Flood of Investigations and Their Results [102, 
154]. Within a period of about 15 years a number of 
associations for common diseases were detected (Ta- 
ble 6.12). Apart from stomach cancer, which was ex- 
amined in at least 101 different samples, several 



Table 6.11. Differences in relative frequencies of groups A 
and 0 in patients with cancer of the stomach and controls in 
the United Kingdom (from Aird et al. 1953 [1]) 

Cancer cases Controls Percentages Dif- xl 

fer- 

AO AO A(Pat) A(Con) 

1442 1424 1269 1581 50.31 44.53 +5.78 19.2 

(p=I0^) 

The samples of patients and controls consisted of subsamples 
from seven places; all showed the same deviation. There was 
no statistical heterogeneity. 



other malignant neoplasias showed that the risk of 
being affected was somewhat higher for patients 
with blood group A. A tendency in this direction 
was also found in a number of nonmalignant disea- 
ses such as rheumatic diseases, pernicious anemia, 
and - with a stronger effect - in thrombotic and 
thromboembolic diseases. An association with 
group 0, on the other hand, was shown for gastric 
and duodenal ulcers. These data indicate that if 
blood group A has a small but significant disadvan- 
tage in predisposing its carriers to some diseases 
comprising some of the most frequent causes of 
death in our society, a higher frequency of blood 
group 0 in healthy, elderly persons than in the gen- 
eral population might be expected. This expectation 
was confirmed in one study of persons aged over 
75, who at the time of examination were still in rea- 
sonable good health [69]. 

Possible Biases. Large-scale statistical investigations 
of this type are subject to certain biases: 

a) Selection of appropriate controls. Human popula- 
tions are not uniform in their blood group distri- 
butions. In spite of conformity of the data to 
Hardy- Weinberg proportions there may be hidden 
stratification of subgroups differing in gene fre- 
quencies at the gene loci under examination. If 
the controls happen to be taken consistently from 
a subgroup other than the patients, a spurious as- 
sociation might result. For example, if blood 
group 0 confers especially good health on its bear- 
ers, the incidence of 0 in samples of blood donors 
who are more likely to be a particularly healthy 
subgroup of the population might be high. 

b) Publication only of positive results. It is an un- 
derstandable wish of research workers to have 
their work rewarded by “positive” results, i. e., in 
this case, by discovering an association. It is 
therefore possible that only those who find a “sig- 
nificant” association (possibly by chance) publish 
their data. Others, who have been less “lucky,” 
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Table 6.12. Significant associations between blood groups and noninfectious disease 



Diagnosis 


No. of 


No* of 




Comparison 


Relative incidence 


Heterogeneity 




series 
























Patients 


Controls 




Mean 




(df=l) 




df 


P 


Neoplasias of the 
intestinal tract 






















Cancer, stomach 


101 


55434 


1852288 


A:0 


U22 


386 


0.0027 


2178 


100 


0.0027 


Cancer of colon 
and rectum 


17 


7435 


183286 


A:0 


1.11 


14 


0.0027 


10 


16 


N.S. 


Malignant tumors 
of salivary glands 


2 


2B5 


12968 


A:0 


1.64 


13 


0.0027 


15 


1 


0,0027 


Cancer, pancreas 


B 


817 


108408 


A:0 


L24 


8 


0.01 


15 


12 


N.S. 


Cancer, mouth 
and pharynx 


2 


757 


41098 


A:0 


L25 


3 


0.01 


1 


1 


N.S. 


Other neoplasias 






















Cancer, cervix 


19 


11927 


197577 


A:0 


1.13 


31 


0.0027 


29 


18 


0.05 


Cancer, corpus uteri 


14 


2 598 


160602 


A:0 


1.15 


10 


0.0027 


18 


13 


N.S, 


Cancer, ovary 


17 


2326 


243 914 


A:0 


1,28 


27 


0.0027 


19 


15 


N.S. 


Cancer, breast 
Multiple primary 


24 


9503 


355281 


A:0 


1,03 


11 


0.0027 


31 


23 


N.S. 


cancers 


2 


433 


7823 


A:0 


L43 


10 


0.0027 


1 


1 


N.S, 


Nonmalignant tumors 






















Nonmalignant salivary 






















tumors 


2 


5S1 


12 968 


A:0 


2.02 


55 


0.0027 


23 


1 


0.01 


Other internal diseases 






















Duodenal ulcers 


44 


26039 


407518 


1 0:A 


1.35 


395 


0.0027 


31 


43 


0.01 










1 0 : A + B + AB 


1.33 


447 


0.0027 


84 


43 


0.01 


Gastric ulcers 


41 


22052 


448354 


J 0;A 


1.17 


96 


0.0027 


79 


40 


0.01 








i 0 ; A B + AB 


U8 


125 


0.0027 


63 


40 


0.05 


Duodenal and gastric 
ulcers 


6 


957 


120544 ’ 


f 0:A 

1 0 : A + B + AB 


L53 

1.36 


27 

19 


0.0027 

0.0027 


19 

24 


5 

5 


0.01 

0.01 


Ulcer, without differ- 
entiation between stom- 


11 


4199 


S3 239 ^ 


f 0: A 


1.15 


15 


0.0027 


9 


10 


N.S. 


ach and duodenum 








[ 0 :A-i-B + AB 


1.18 


25 


0.0027 


17 


10 


N.S. 


Bleeding ulcers 
(gastric and duodenal) 


2 


1869 


28325 ^ 


f 0:A 

1 0 : A + B + AB 


1.46 

1.51 


53 

73 


0.0027 

0.0027 


0 

1 


1 

1 


N.S. 

N.S. 


Rheumatic diseases 


17 


6589 


179385'^ = “ _ 


1.23 


50 


0.0027 


29 


16 


0,01 










1 A -1- B -H AB : 0 


L23 


57 


0.0027 


33 


16 


N.S. 


Pernicious anemia 


13 


2077 


119 989 


A:0 


1.25 


20 


0.0027 


12 


12 


N.S. 


Diabetes mellitus 


20 


15778 


612819 j 


f A:0 


1.07 


14 


0.0027 


38 


19 


0.01 








! A B + AB 1 0 


1.07 


16 


0,0027 


42 


19 


0.01 


Ischemic heart disease 


12 


2763 


218727 1 


A:0 


1.18 


14 


0.0027 


23 


11 


0.05 








A + B + AB ; 0 


1.17 


15 


0.0027 


29 


11 


0.01 


Cholecystitis and 
cholelithiasis 


10 


5 950 


112928 


A: 0 


1.17 


26 


0.0027 


10 


9 


N.S. 


Eosinophilia 


3 


730 


1096 \ 


A:0 


2.38 


46 


0.0027 


1 


2 


N.S. 






1 


, A B + AB 1 0 


2.13 


49 


0.0027 


1 


2 


N.S. 


Thromboembolic 

disease 


5 


1026 


287246 1 


A:0 

A + B -1- AB : 0 


1.61 

1.60 


46 

49 


0.0027 

0,0027 


23 

23 


4 

4 


0.0027 

0.0027 
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leave their data unpublished. The accumulation of 
positive publications leads to a spurious associa- 
tion. 

It has been shown that these biases cannot be respon- 
sible for the associations found [154]. It is comforting 
that data collected for many other diseases yield con- 
sistently negative results despite the fact that patient 
and control samples are collected identically and 
evaluated so that such biases should be at work. Con- 
genital malformations are an example. The entire 
group that includes congenital heart disease, harelip 
and cleft palate, malformation of kidney and urinary 
tract, hydrocephalus, and others showed no blood 
group association even though 4762 patients and 
156716 controls were examined [154]. 

Failure to Find a Mechanism. In the early years of 
studies of blood groups and diseases many authors 
speculated on biological reasons for these associa- 
tions. The role of blood group substances, for exam- 
ple, in the secretions of stomach and duodenum, 
was thought to be responsible. Indeed, tumors of or- 
gans containing much of this substance, for example, 
salivary glands or ovaries, showed especially strong 
associations. A more general hypothesis related these 
associations to stronger immune responses in 
group 0 carriers than in group A persons. This hy- 
pothesis led to studies in population genetics 
(Sect. 12.2.1.8) but was not pursued experimentally 
for the common diseases such as duodenal ulcer and 
cancer of the stomach. For example, it is now known 
that the bacterium Helicobacter pylori is almost al- 
ways found in the pyloric region of ulcer patients 
and probably plays a major role in the causation of 
the disease. New experimental evidence seems to cor- 
roborate this conclusion (Sect. 12.2.1.8). Better under- 
standing will possibly have to await more thorough 
immunological knowledge about the role of the cell 
surface, specifically its glycoproteins, in interaction 
with other cells and with environmental influences. 
The fact that attempts to demonstrate a convincing 
mechanism for the associations seemed to have failed 
may have contributed to a disappointment among re- 
search workers. In recent years the flood of work on 
blood group associations has dried up almost com- 
pletely. 

It has also become clear that the total contribution of 
the ABO genes to the genetic etiology of these dis- 
eases is probably small, as shown in an analysis of 
the contribution of blood group 0 to peptic ulcer 
[643]. These studies therefore, while statistically 
clearcut in the case of peptic ulcer, cancer of the 
stomach, and some other conditions, have not aided 
immediately in further understanding of the genetic 
and environmental etiology of these diseases. 



6 . 2 . 2.2 The Kell System 

Kell System Mutations, Acanthocytosis, and Chronic Granulo- 
matous Disease. Apart from disease associations of common 
blood groups, some examples of hereditary anomalies due 
to rare or modifying genes of “blood group” genes are 
known. Section 4.1.6 describes modifying genes in the ABO 
system; to our knowledge, they have not been studied for 
possible significance for the health of their bearers. However, 
the Kell blood group system provides examples of direct as- 
sociations between rare blood group alleles and disease. 
They are especially interesting because the Kell substance is 
known to be involved in the structure of cell membranes. 
Various alleles at the autosomal Kell locus exist in popula- 
tions of European origin; there are two alleles K, k, the rarer 
allele K has a frequency of 0.05. 

An allele of the Kell system (Js) is found in i4%-20% of Afri- 
can-Americans but is extremely rare in other populations 
and therefore constitutes an excellent marker gene for Afri- 
can origin. Hemolytic disease of the newborn rarely is 
caused by anti-Kell antibodies; however, if it occurs, the basic 
mechanism is similar to that of Rh hemolytic disease. 

In addition to the autosomal locus for the Kell antigen, an X- 
linked locus that codes for a precursor substance of Kell 
known as Kx has been identified. All normal persons have 
Kx antigenic activity on both red and white cells. Some indi- 
viduals are homozygous for a “silent” allele (Ko) of the auto- 
somal Kell locus. In such cases none of the usual Kell antigens 
but a strong Kx reaction can be detected. This finding is com- 
patible with the interpretation that unconverted Kx material 
specified by the X-linked locus is the only Kell-related anti- 
gen in homozygous carriers of the Ko or silent allele. Such 
persons are clinically and hematologically normal. Mutations 
at the Kx locus have been identified and may lead to phenoty- 
pic expression in red or white cells or in both types of cells. 
The McLeod phenotype of red cells [168] is caused by an X- 
linked point mutation or deletion causing absence of the Kx 
substance. Absence of the Kx antigen from the red cells cau- 
ses a membrane abnormality associated with acanthocytosis 
(“spiny” red cells) and increased red cell destruction. The se- 
verity of hemolysis may range from compensated blood de- 
struction to severe hemolytic anemia. Abetalipoproteinemia 
[15] - the usual cause of acanthocytosis (145 95o) - is not pre- 
sent. The red cell anomalies clearly are caused by absence of 
Kx since red cells lacking all Kell antigens except Kx (Ko) 
are morphologically normal. As expected, the fully expressed 
McLeod phenotype is seen only in males. 

Mothers of males with the McLeod or mutant Kx phenotype 
are expected to be heterozygotes for both the normal Kx and 
the mutant Kx allele. The principle of X inactivation 
(Sect. 2.2.3.3) postulates that such women would have a mosa- 
ic population comprising cells expressing both the normal Kx 
and the mutant Kx allele. In fact, red cell populations consist- 
ing of normal and abnormal cells have been observed. Such 
mosaicism has been demonstrated by both immunological 
and morphological techniques since the Kx-negative cells 
were acanthocytes. The abnormal cells were outnumbered 
by the normal cells due to the shortened red cell survival of 
the Kx-negative cells. The X-linked Kx antigen presumably 
codes for a membrane protein. Mutations at that locus pro- 
duce pathological membrane alterations leading to the mor- 
phological red cell abnormalities and hemolysis. 
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The separate genes for Kx and the X-linked type of chronic 
granulomatous disease are very closely linked on Xp2i. Sev- 
eral cases of contiguous deletions have been reported where 
both genes were absent, with the resulting phenotypic pat- 
tern of both conditions. 



6.2.3 The HLA System and Disease [142, 149] 

As explained above (Sect. 5.2.5), the major histo- 
compatibility complex (MHC) on chromosome 6 is 
homologous with the H2 complex of the mouse [2]. 
Immunization of inbred mouse strains with a variety 
of apparently unrelated antigens (synthetic polypep- 
tides, serum proteins, cell surface antigens) induces 
high levels of antibodies in some strains and low le- 
vels (or no response) in others. The quantity of anti- 
bodies induced is controlled by immune response 
loci, which are part of the H2 complex. Linkage with 
the H2 complex has since also been demonstrated in 
mice for susceptibility to virus-induced cancer and 
infection by the lymphocytic choriomeningitis virus 
and for genetic factors predisposing to autoimmune 
thyroiditis [124]. 

In thyroiditis the connection has been established be- 
tween a particular transplantation antigen type, a 
specific antithyroglobulin antibody response, and se- 
verity of the disease. This was an important step to- 
ward elucidation of the mechanism of the associa- 
tion. (It is interesting that in humans an association 
between autoimmune thyroiditis and the antigen 
HLA-B8 has been described.) 

Results suggest the hypothesis that in humans im- 
mune response genes may also be closely linked with 
the HLA genes. As linkage disequilibrium had been 
demonstrated for the well-defined genes of the hu- 
man HLA complex, it might also be assumed for 
these as yet hypothetical immune response genes. 
Therefore disease associations with HLA types were 
anticipated. 

The first anomaly to be examined in man was Hodg- 
kin disease, a malignant disorder of the lymphatic 
system. A collaborative study on 523 patients showed 
a significant association with HLA 1 [3]. Examina- 
tions of other malignant diseases such as acute lym- 
phatic and myelogenous leukemia produced conflict- 
ing results. Much more striking associations, how- 
ever, were found for a number of nonmalignant dis- 
eases, such as ankylosing spondylitis, gluten-sensitive 
enteropathy (sprue), Reiter disease, multiple sclero- 
sis, and psoriasis (Table 6.13). In some cases the ex- 
tent of the associations is enormous. In ankylosing 
spondylitis a relative incidence (Sect.6.2.2.1) of 87 
was found, i. e., the disease is 87 times more likely in 
bearers of the HLA type B27 than in the rest of the 
population. 



While almost all patients with ankylosing spondylitis 
have the HLA-B27 type, most carriers of HLA-B27 do 
not have ankylosing spondylitis. The frequency of 
HLA-B27 in the white population of the United States 
is about 5 %, while the frequency of ankylosing spon- 
dylitis is about 1/2000. However, careful clinical and 
radiological investigations have shown minor symp- 
toms, and X-ray findings suggestive of mild ankylos- 
ing spondylitis were found in about 20 % of B27 car- 
riers. Narcolepsy is the other disease for which an 
unusually high association has been found - in this 
case with DR2 [82]. However, narcolepsy is a rare dis- 
ease, and the DR2 type is common. 

Several differences stand out when HLA associations 
are compared with ABO associations. Most HLA asso- 
ciations are much stronger. For ABO blood groups 
and disease, most relative incidences were less than 
twice the incidence of controls, whereas for the HLA 
associations the frequencies were usually much high- 
er. The data suggest that the contribution of HLA 
types to the multifactorial systems causing these dis- 
eases is more substantial than that of ABO genes to 
diseases found to be associated with them. Therefore 
attempts to elucidate mechanisms have a better 
chance of success. 

Probable Mechanisms of HLA-Disease Associations. 
The function of the HLA system in the immune re- 
sponse is that of recognition of antigens and present- 
ing them (Sect. 7.4) to T (class I) or B (class II) lym- 
phocytes. The diseases for which HLA associations 
have been described are therefore most likely caused 
by specific differences in recognition or presentation 
of certain HLA antigens. 

Serological differentiation at the HLA locus has been 
complemented by analysis of fine structure using 
molecular methods (see Fig. 5.13). This led to further 
subdivision of gene loci and to better specification 
of the sites responsible for disease associations. In in- 
sulin-dependent (type 1) diabetes, where DR3 and 
DR4 associations are common, for example, certain 
subgroups of DR3 and DR4 specifications show no 
association with diabetes at all, whereas about 95% 
of the DR4"^ diabetics have the subtype DQ/?3.2 [6]. 
In lupus erythematosus DQa2 and DQ^i appear to 
be important determinants [32]. 

A disease association of this sort may have two main 
causes: 

1. It may be caused by a biological function of the al- 
lele (or haplotype) itself. 

2. It may be due to another gene that is closely linked 
with the allele or haplotype under study. 

When studies on HLA-disease associations began, 
many scientists believed the latter alternative. They 
postulated that HLA genes “hitchhike” with closely 
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Table 6.13. Associations between HLA and some diseases (see Svejgaard et al. 1983 [143]; Albert 1993 [2]; de Vries and van Rood 
1992 [30]) with additions 



Condition 


HLA 


Relative risk 


Remarks and specified associations 


Hodgkin disease 


Al 


1.4 


Amiel |3], the first association, 


Idiopathic hemochromatosis 


A3 


8.2 


now somewhat doubtful 




B14 


4.7 




Behcet disease 


B5 


6.3 




Congenital adrenal hyperplasia 


B47 


15.4 




Ankylosing spondylitis 


B27 


S7.4 




Reiter disease 


B27 


37.0 




Acute anterior uveitis 


B27 


10.4 




Subacute thyroiditis 


B35 


13.7 




Psoriasis vulgaris 


Cw6 


13.3 




Dermatitis herpetiformis 


DR3 


15.4 


DQAP501, DQBD201 


Celiac disease 


DR3 


10.8 






DR7 






Sicca syndrome 


DR3 


9.7 




Idiopathic Addison disease 


DR3 


6.3 




Graves disease 


DR3 


3.7 




Insulin-dependent diabetes 


DR3 


3.3 






DR4 


6.4 


DQfl 




DR2 


0.2 




Myasthenia gravis 


DR3 


2.5 






E8 


2.7 




Systemic lupus erythematosus (SLE) 


DR3 


5.8 


DQ«2, DQ/^2a 


Idiopathic membranous nephropathy 


DR3 


12.0 




Multiple sclerosis 


DR2 


4.1 




Optic neuritis 


DR2 


2.4 




Goodpasture syndrome 


DR2 


15.9 




Rheumatoid arthritis 


DR4 


4.2 




Pemphigus (Jews) 


DR4 


14.4 




IgA nephropathy 


DR4 


4.0 




Hydralazinednduced SLE 


DR4 


5.6 




Hashimoto thyroiditis 


DR5 


3.2 




Pernicious anemia 


DR5 


5.4 




Juvenile rheumatoid arthritis 


DR5 


5.2 1 


DR8, A2, DQAl W05 






3.6 1 


DPBl’^201 


Narcolepsy 


DR2 


49 




IgA deficiency 


DR3 






Scleroderma 


DR5 







linked immune response genes or even unrelated 
genes. For example, the gene for hemachromatosis 
or iron storage disease is closely linked but not part 
of the HLA-A gene. However, it is unlikely that the in- 
crease in iron absorption characteristic of this disease 
is biologically related to immune function. Therefore 
this gene is presumably located by chance in this 
area. In other instances associations of a disease 
with HLA-A or HLA-B alleles were discovered which 
turned out to be due to DR alleles in linkage disequi- 
librium with HLA-A or HLA-B alleles. At present it 
is believed that the majority of HLA associations are 
caused by the HLA specificities themselves or their 
molecular subtypes. It can be generalized that most 



such associations are found in disorders character- 
ized as autoimmune diseases where the organism 
produces immune factors directed against self. 

The fact that a disease shows association with HLA 
may give hints as to its pathogenesis. In multiple 
sclerosis, for example, immunological investigations 
guided by the HLA associations revealed a specifical- 
ly decreased cellular immunity to measles and other 
paramyxoviruses [42, 54]. 

Multiple sclerosis and narcolepsy both are associated 
with the DR2 allele. Could narcolepsy be caused by 
the failure of successful interaction with the same or 
similar “slow” virus that has been suggested as the 
cause of multiple sclerosis? In diabetes, the observa- 
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tion that insulin-dependent diabetes shows associa- 
tions with HLA antigens, but mature onset diabetes 
does not, indicates different basic causes and suggests 
that the etiology is different and that in insulin- de- 
pendent diabetes an autoimmune or virus etiology is 
involved. Much lower concordance for identical twins 
with this type of diabetes than with mature-onset dia- 
betes as well as higher personal risk for family mem- 
bers of patients with mature-onset diabetes lead to 
the same conclusion [145] (see sect.6.4.2.1). 

Some evidence even points to two types of juvenile 
diabetes mellitus: one type, which is associated with 
HLA-D3 (and -B8) seems to be caused by an autoim- 
mune mechanism, and another one, associated with 
D4 in which the patients are often insulin antibody 
responders [125, 126]. Hence, analysis of HLA asso- 
ciations may help to refine nosological classification 
of a group of diseases and to detect genetic heteroge- 
neity. 

Linkage and Association. The two phenomena of link- 
age and association should be carefully distinguished. 
Linkage refers to two genes being located on the same 
chromosome within detectable distance of each other. 
The term association is often used when a higher fre- 
quency of a given gene is found in a certain disease or 
trait. Association does not imply that the gene in- 
volved in the disease and the marker gene are located 
on the same chromosome. Confusion regarding these 
concepts can arise in studies of HLA gene frequencies 
in disease [98]. The HLA complex is located on chro- 
mosome 6. The gene for 21 hydroxylase deficiency in 
the homozygous state produces congenital adrenal 
hyperplasia (209100) and is closely linked to the 
HLA complex. Similarly, the gene of one type of 
dominant spinocerebellar ataxia (164400) is linked 
to the HLA complex [73]. Data on the iron storage 
disease hemochromatosis (141600) (inherited as an 
autosomal-recessive trait with occasional heterozy- 
gote manifestations) show that the gene for this dis- 
ease also is linked to the HLA complex. These dis- 
eases are monogenic conditions, and their respective 
loci are situated within measurable distance of the 
HLA complex on the 6 th chromosome. There is no 
reason to believe that the genes for these diseases 
and HLA genes are physiologically related. 

The diseases with HLA associations (Table 6.13) are 
not simple monogenic conditions but have usually 
been shown to be of multifactorial origin. In one 
group of HLA-related diseases (chronic hepatitis, 
myasthenia gravis, rheumatoid arthritis, Addison 
disease, thyrotoxicosis, juvenile diabetes, celiac dis- 
ease, and multiple sclerosis), associations with DR 
specificities of the HLA system have been demon- 
strated. The common factor in these conditions is 
the presence of autoantibodies, and they have been 



classified as autoimmune diseases or at least as im- 
munologically associated diseases. Familial aggrega- 
tion without clear Mendelian pattern has been detec- 
ted when appropriate studies were carried out. 
Organ-specific autoantibodies lead to the manifesta- 
tions of the various autoimmune diseases. Whether 
additional genes on other chromosomes are implicat- 
ed is unknown. The production of autoantibodies 
probably requires appropriate environmental stimuli, 
which often are viral in origin, as suggested for dia- 
betes, hepatitis, and multiple sclerosis. Persons with 
certain DR specificities are presumably more suscep- 
tible to the formation of such auto antibodies than 
those who lack such genes; this explains at least part 
of the genetic susceptibility to autoimmune diseases. 
DR genes of the HLA complex and autoimmune dis- 
eases show association but no demonstrated link- 
age. 

Studies on HLA types have also been performed in 
some infectious diseases such as tuberculosis and 
leprosy. Unfortunately, this problem has not been 
studied extensively, considering the great importance 
of such diseases for human evolution in the past (see 
Sect. 12.2.1.6). This is probably due to professional 
specialization. Immunologists and other medical sci- 
entists conducting HLA research seldom have inter- 
ests in problems of natural selection and evolution. 
Nevertheless, some investigations on leprosy have 
been carried out [30]. While comparisons between le- 
prosy patients and controls have failed to provide 
consistent results, family studies point to an associa- 
tion with certain HLA-DR types in this disease. 

In view of the important role of T cells in HIV infec- 
tions, HLA association with AIDS-related infections 
is of great interest. The few available studies reveal no 
consistent pattern. One study, however, produced an 
interesting result [136]: 32 hemophilia patients were 
treated with a single batch of factor VIII contaminated 
with HIV Eighteen became antibody positive and 
showed a continuous decline in circulating T cells 
over 4 years. While only 26 % of hemophilia patients 
had the HLA haplotype Ai B8 DR3, 8 of 11 patients 
with this haplotype became HIV positive. Of the 18 
seropositive hemophilia patients 11 had clinical signs 
of AIDS - among them all the 8 with the Ai B8 DR3 
haplotype. These data suggest an association of this 
haplotype with a relatively rapid course of AIDS. 
Since some of the diseases which show HLA associa- 
tions lead to death, or contribute to shortening of 
life span, it should be expected that their absence 
has a positive effect on life expectancy. Indeed, a 
study on 102 persons over the age of 90 years in Oki- 
nawa, Japan, revealed a strong association with 
HLA-DRw 9 and HLA-Dri, with relative incidences of 
5.2 and 13.3, respectively [144]. In Japanese, HLA- 
DRw 9 is associated with autoimmune disease. 
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whereas HLA-DRi may provide relative protection 
against infections. Studies on ABO groups in elderly 
persons have shown a similar protection effect of 
group 0 (see above Sect.6.2.2.1). 



6.2.4 tir^-Antitrypsin Polymorphism 
and Disease [ 39 ] 

a^-Antitrypsin Polymorphism. The ABO blood groups 
show a weak association with a great number of dis- 
eases, but no convincing explanation for these asso- 
ciations existed up to recently. HLA antigens show a 
much stronger association with a great number of 
diseases. The pathogenic mechanism has not been 
worked out in detail, but there are reasonable and ex- 
perimentally testable hypotheses. The a^-antitrypsin 
polymorphism is associated in adults mainly with 
one disease, chronic obstructive pulmonary disease. 
Its mechanism has been elucidated to some extent. 
The antiproteolytic activity of human serum was de- 
tected in 1897 by Camus and Gley and by Hahn. Land- 
steiner in 1900 showed this activity to be located in 
the albumin fraction. Of the six antiproteases identi- 
fied in the human serum a^-antitrypsin and a^-mac- 
roglobulin have the highest concentrations. Both are 
able to inhibit a great number of proteases, including 



Table 6.14. Antitrypsin concentration of different a^-anti- 
trypsin phenotypes (adapted from Kueppers 1975; see Kuep- 
pers [79 ]) 



Phenotype 


Percent 
(MM = 


M/M 


100 


S/S 


50-60 


Z/Z 


10-15 


M/S 


70-90 


M/Z 


55-65 



thrombin. Antiproteolytic activity is measured by hy- 
drolysis of artificial substrates by trypsin in the pre- 
sence of the serum to be tested. There is a close corre- 
lation between immunologically measured concentra- 
tion and activity. The concentration increases quickly, 
for example, with bacterial infection, after injection of 
typhoid vaccine, and during pregnancy. Synthesis oc- 
curs in the liver. Interindividual differences were first 
observed in 1963 [83]. A simple recessive mode of in- 
heritance was proposed for low a^-antitrypsin levels. 
Electrophoretic techniques and isoelectric focusing 
demonstrated many phenotypes (Fig. 6.26). The ge- 
netic basis of this heterogeneity is a series of multiple 
alleles. The locus was named PI (protein inhibitor), 
the various alleles PI^, PI^, etc., and the phenotypes 
M/M, M/Z, etc. In all populations examined so far 
the PI^ alleles are the most frequent, with a common 
gene frequency of 0.9 or higher. Other, rarer alleles 
are designated by letters. The position of these letters 
in the alphabet gives an approximation of electro- 
phoretic mobility. Nucleotide sequence analysis of 
cloned cDNA has demonstrated, for example, that 
the Z variant is caused by a single nucleotide substi- 
tution. The gene is located on i4q3i-32. It has 10.2 kb, 
and five exons. Two variants, Z and S, are especially 
important because the a^-antitrypsin level is appreci- 
ably reduced. In another, very rare allele, PI“, no ac- 
tivity of the enzyme at all is found in the homozygote 
(null allele). The heterozygote Pl^/Pr has an M phe- 
notype with only 50 % of the normal concentration. 
Intravenous injection of typhoid vaccine and diethyl- 
stilbestrol leads to a 100 % increase in activity of sub- 
jects with the MM type. Heterozygotes of the MZ 
type show a moderate increase, whereas in homozy- 
gotes of the ZZ type hardly any increase is seen. 

Association with Chronic Obstructive Pulmonary Dis- 
ease. Eriksson 1965 [37] reported 33 homozygotes of 
the ZZ type; at least 23 had definite symptoms of 
chronic obstructive pulmonary disease (COPD). On 
the basis of his family data Eriksson estimated ob- 
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Fig. 6.26. Schematic representation of isoelectric focusing patterns of the more common a-antitrypsin types (gradient between 
pH 3.5 and 5). (From Kueppers 1992 [79]) 
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structive pulmonary disease to be at least 15 times 
more frequent among these homozygotes than in the 
general population. This observation has been con- 
firmed by many investigators in a great number of 
patients. In one group of 295 patients with this diag- 
nosis 20 PI^ homozygotes were detected, whereas 
not even one would have been expected on the basis 
of the gene frequency. Usually the first symptoms 
are recognized during the 3rd or 4th decade of life; 
patients with the usual variety of COPD usually be- 
come affected during their 50s or 60s. Loss of lung 
tissue and blood vessels in the lower lobes is charac- 
teristic. Interestingly, even before this defect was dis- 
covered, a special group of patients with these symp- 
toms had been delineated from the majority of pa- 
tients with COPD. The question whether heterozy- 
gotes also have a higher frequency of COPD has 
been much discussed. It has been claimed that het- 
erozygotes have an approximately threefold risk of 
developing COPD compared with M homozygotes 
[39]. Pulmonary function tests in heterozygotes 
show more frequent abnormalities. Their symptoms 
tend to appear later in life. 

Among homozygotes only 70%-8o% develop ob- 
structive emphysema, and in heterozygotes the fre- 
quency is much lower [79]. Environmental factors 
appear to influence manifestation: a^-antitrypsin 
also inhibits proteolytic enzymes released by granu- 
locytes or macrophages. It is therefore likely that 
these enzymes, which are normally released during 
inflammatory process, are insufficiently inactivated. 



When a patient is exposed to recurrent bronchial irri- 
tation, such as that caused by smoking or frequent 
infections, these enzymes cause digestive damage of 
the lungs. Tobacco smoking enhances the danger of 
bronchial infections and hastens the progress of the 
disease [39] (Fig. 6.27). Therefore, Z/Z homozygotes 
and heterozygotes should be advised to refrain from 
smoking and to avoid jobs leading to bronchial irrita- 
tion. Bronchitis should be treated early and intensive- 
ly. “If we are able to change the smoking habits of a 
PF individual, this may add 15 years to his life” 

[39]. 

Another disease associated with low a^-antitrypsin 
values in homozygotes is childhood cirrhosis of the 
liver. This association is firmly established but is 
seen less frequently than chronic pulmonary disease. 
Cryptogenic cirrhosis in adults also appears to be 
more common in ZZ homozygotes. 

Significance of the New Research Strategy. The a^-an- 
titrypsin polymorphism is remarkable since the 
mechanism of lung damage can be explained. This 
result is in striking contrast to the associations de- 
scribed in the ABO system and even in the HLA sys- 
tem. The situation is simpler than in these systems. 
One genotype is involved not in all but in a high frac- 
tion of cases, and the disease is rather specific and 
was therefore identified even before the biochemical 
cause became known. The Z/Z state can be regarded 
as a recessive disease with “incomplete penetrance.” 
There are probably many other such recessive dis- 




Fig. 6.27. Mortality and survival of homozygotes for the Z variant of a^-antitrypsin in smokers and nonsmokers. The strong in- 
fluence of smoking is obvious. (From Kueppers 1992 [79]) 
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eases still buried within the large groups of frequent 
multifactorial conditions, either because the pheno- 
type is difficult to define, or because all parameters 
for delineation have not yet been considered. 

The contribution of the PI^ allele to the disease liabil- 
ity of heterozygotes seems to be quite similar to the 
ABo and HLA situations; COPD occurs only in a 
minority of cases; it resembles the more usual type 
of obstructive pulmonary disease, and the influence 
of additional environmental and genetic factors ap- 
pears to be strong. 

The example of this disease association shows the 
more recently developed indirect research strategy at 
its best. A genetic polymorphism is analyzed at the 
genetic level. The product of a single gene is identi- 
fied using biochemical methods. The consequences 
of the polymorphism for gene action are sought. In 
this case the quantity of protein is defective, and en- 
zyme activity is low so that the organism does not 
adequately respond to environmental challenges 
such as infections. This specific functional weakness 
leads to disease, especially with frequent exposure to 
certain environmental influences such as bronchial 
irritation. 

It is likely that such a research strategy will become 
useful for genetic analysis in other areas, where geno- 
type-phenotype relationships are so complex that a 
clear analysis from the phenotype down to the genes 
by Mendelian methods is barred, and methods of 
quantitative genetics must be relied upon. Or, to put 
it in a slightly different way: This strategy will help 
in applying Mendelian approaches to situations in 
which Galtonian techniques now are the only appli- 
cable methods. 

Disease Associations of Other Polymorphisms [102]. Apart 
from the three systems described above, disease associations 
have been examined (and in some cases made likely) for a 
number of other polymorphisms, for example, blood group 
systems [154]; haptoglobins, and tasting of phenylthiourea. 
Some of these are described in the context of population ge- 
netics (Chap. 12). Especially interesting are the associations 
that have been reported between the apolipoprotein E poly- 
morphism and atherosclerosis as well as Alzheimer’s disease 
[152, 153]. In variants of the third complement component 
and some diseases, the €3^ allele seems to be associated with 
rheumatoid arthritis [14, 41], and hepatitis [41]. The C6 com- 
plement deficiency has been found in about half the patients 
with meningococcal meningitis. If confirmed, these associa- 
tions are of considerable interest because plausible hypoth- 
eses about biological mechanisms and genetic consequences 
can be considered. 

Since the goal of such studies is stepwise elucidation 
of the influence of potentially many genes on a dis- 
ease liability, and since we have every reason to as- 
sume that genes do not simply act in an additive 
way but interact with each other, it is meaningful to 



look specifically for such interactions. For example, 
HLA types and immunoglobulins interact in the nor- 
mal immune response. Therefore it has been an ob- 
vious step to look for interactions of HLA types with 
immunoglobulin allotypes (GM; see Sect. 12.1.6). In 
such a study it has been shown that the haplotype 
HLA-B’^,DR3 entails an about 15 times increased risk 
for chronic hepatitis. However, additional presence 
of the type GM (a-hX-h) raises this risk to 40 times 

[23]. 



6.3 Nature-Nurture Concept: Twin Method 

In discussing methods of quantitative genetics the 
use of twin data for quantitative assessment of the de- 
gree of genetic determination was mentioned repeat- 
edly. Indeed, twin investigations have played a major 
role in the history of human genetics. At one time, 
the twin method was even regarded as the “royal 
road” to genetic analysis in humans. In one field of 
major importance, behavior genetics, many of our 
conclusions are still based on twin data. Therefore 
critical assessment of the twin method, its advantages 
and limitations, is important. 

6.3.1 Historical Remarks 

Introduction of the twin method is generally 
accredited to Galton (1876) [47], who also adopted 
the alternative terms “nature” and “nurture”. Here 
Galton was - either consciously or unconsciously - 
following the terminological lead of Shakespeare, 
whose character Prospero in The Tempest says of 
Caliban: “A devil, a born devil, on whose nature 
nurture can never stick.” It is doubtful, however, 
whether Galton recognized the essence of the pro- 
blem. Very probably he did not know that there 
are two types of twins, monozygotic (MZ) and dizy- 
gotic (DZ). This distinction was discovered only a 
short time previously by C.Dareste, who reported it 
to the Societe d’Anthropologie in 1874 (see [162]). 
Most likely, Galton intuitively had the right idea 
but no clear concept about the usefulness of the 
twin method. Such intuitive insights are frequently 
observed in the history of science when a new para- 
digm, emerges and do not detract from the useful- 
ness of the paradigm. 

Poll (1914) [113] was the next to use the twin method 
in assessing genetic determination. However, he 
failed since methods for distinguishing MZ from DZ 
twins were lacking. After Poll single twin pairs con- 
tinued to be described, but zygosity diagnosis re- 
mained ambiguous. 
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The method was given a sound foundation with the 
work of Siemens (1924) [131]. Siemens’ achievement 
was threefold: 

1. He showed that twin series of a size suitable for 
meaningful statistical evaluation can easily be 
found when schools are asked for help. This made 
the investigation of normal variability possible. 

2. He developed a reliable method for zygosity diag- 
nosis. Up to that time, research workers had tried 
in vain to achieve such a diagnosis using a single 
criterion. Siemens, however, showed that reliable 
separation of these groups is possible when a large 
number of criteria are examined. Each of these cri- 
teria may on average show only somewhat more 
similarity in MZ twins, but all of them together 
can separate the two groups with a high degree of 
reliability. 

3. Siemens proposed to examine not only MZ but also 
DZ twins. DZ twins are no more similar genetically 
than are other siblings, having on the average 50 % 
of their genes in common by descent. However, as 
MZ twins, they are born at the same time and are 
exposed to similar environmental conditions. 

6.3.2 Basic Concept 

The twin method is founded on the biological pecu- 
liarity that MZ twins originate from division of one 
zygote. Therefore they must as a rule be identical ge- 
netically. A group of genetically identical individuals 
is called a clone. It follows that any phenotypic differ- 
ences between MZ twins must be largely caused by 
environmental influences. Here environment is de- 
fined in the widest possible sense: anything that is 
not fixed genetically. However, MZ twins are alike 
only for characteristics under control of germ line 
genes. Somatic mutations do occur, particularly af- 
fecting the globulins of the antibody system. Thus, 
differences in gene products resulting from somatic 
mutations would be expected in MZ twins. However, 
we are not aware of a study of this phenomenon. 

To recognize whether and to what degree a character- 
istic is determined genetically and to what degree its 
variability is modified by environmental influences, 
the degree of similarity between MZ twins must be 
measured. As DZ twins are thought to be influenced 
by the same environmental differences but to have 
only one-half of their genes in common by descent, 
they are used as suitable controls. 

The following sections shown how this concept can 
be quantified and discuss its limitations. 



6.3.3 Biology of Twinning 

Dizygotic Twins. In most mammals (rodents, carni- 
vores, some ungulates) every birth is multiple. In ev- 
ery ovulation the ovary discharges several ova, which 
may be fertilized by one sperm each. The marmoset 
monkey regularly gives birth to DZ twins. In higher 
ungulates, such as horses and cattle, and in the higher 
primates including humans, generally only one ovum 
is discharged at ovulation. There are occasional ex- 
ceptions. If two oocytes are discharged at the same 
time and fertilized by different sperms, DZ twins re- 
sult. In the same way, polyovulation occasionally 
leads to trizygotic triplets and quadrizygotic quadru- 
plets. However, not all triplets, quadruplets, and 
quintuplets arise in this manner. 

It follows that DZ twins do not necessarily have the 
same father. The two oocytes may be fertilized by 
sperm from different men with whom the mother 
has had intercourse around the time of ovulation. 
One such possible case from Nazi Austria is of inter- 
est [49]. 

The fraternal twins were 25 at the time of examination. The 
legal father was a Jew, the mother was not Jewish. At that 
time Austria was incorporated into Nazi Germany, and racial 
laws discriminating against Jews were introduced. Since there 
was interest in exonerating the children from the “blemish” 
of being half Jewish, the mother reported an extramarital re- 
lationship at the time the twins were conceived. The sexual 
partner was still available for testing. The ABO and MN blood 
group tests (the only systems routinely available at that time) 
gave the following results: 

Legal father B, M 

Alleged father A, MN 

Mother O, M 

Twin brother B, M 

Twin sister A, MN 

If one accepts these tests as accurate, the results are: 

1. Exclusion of the legal father for the girl - first, as she had 
to have inherited the A allele from one of her parents, 
and, secondly, as her N allele was not accounted for. 

2. Exclusion of the alleged father for the boy, as neither he 
nor the mother had the allele B. 

Theoretically, a third man other than the alleged sexual part- 
ner could have been the father of both twins, but examination 
with additional anthropological methods gave suggestive evi- 
dence that the boy indeed resembled more the legal father 
and the daughter the alleged father. More recent DZ twin 
pairs with two fathers have been reported and were discov- 
ered in the course of a disputed paternity case. In one case 
one of the two fathers was black and the other white. 

Anastomosis of blood vessels, which is quite normal 
between MZ twins during fetal development, may oc- 
cur in exceptional cases in DZ twins as well. This may 



230 Formal Genetics of Humans: Multifactorial Inheritance and Common Diseases 



lead to mutual transfusion of blood stem cells since 
early embryos are immunologically tolerant to each 
other. The result are twins who are blood chimeras 
with two populations of genetically different blood 
cells [33, 108]. In cattle a vascular connection between 
DZ twins is the rule and leads to partial sexual trans- 
formation in the female partner of fraternal twin 
pairs. Such a masculinized calf is known as a free- 
martin. 

Monozygotic Twins. Much more interesting is the for- 
mation of MZ twins. In a certain sense they may be 
said to be the most extreme state of duplication. 
Less extreme duplications, such as Siamese twins, or 
double-headed infants, are observed occasionally in 
humans. Many of these duplications are fatal. 

Some unusual types of twins, however, have survived and be- 
come famous, for example, the “Siamese twins” Chang and 
Eng (Fig. 6 . 28 ), who were born in Thailand in 1811 . At the 
age of 18 the twins went to the United States and made a liv- 
ing by displaying themselves in curiosity shows. Later, they 
married two sisters. Eng had 12 , and Chang had 10 children. 
They settled in the Carolinas and grew tobacco. At age 61 
Chang had a stroke and died 2 years later from bronchitis. 
Eng who had been healthy up to that moment survived his 
brother by only 2 h. Chang and Eng were connected by a tis- 
sue bridge about 10 cm wide reaching from the lower end of 
the sternum almost down to the navel. At postmortem exam- 
ination this bridge was discovered to contain liver tissue con- 
necting the two livers. Hence any attempt to separate the 
brothers surgically would hardly have been successful in 
1872 . Today even more extensive connections between such 
twins have been severed. 

The factors inducing division at an early cleavage 
stage and giving rise to MZ development in humans 
are unknown. MZ twins, however, have been produced 
in experimental embryology - many decades ago in 
amphibians and more recently in mammals. Mirror- 
image similarity between human MZ twins has been 
discussed repeatedly. Since strong asymmetry can be 
experimentally produced in animals, true asymmetry 
in some MZ pairs would not be surprising. 

Very rarely, twin pregnancies occur in which an oocyte and a 
polar body (see Sect. 2 . 1 . 2 . 4 ) are fertilized by different sperm. 
One such event led, in addition to birth of a normal child, to 
an acardiac monster. The abnormal twin had been produced 
by fertilization of the first polar body (diploid) by a separate 
sperm, as shown by chromosome heteromorphisms and HLA 
haplotypes [ 11 ]. 

Frequency of Twinning [17]. Table 6.15 shows inci- 
dence figures in various populations for MZ and DZ 
twin births. The proportion of MZ twins was calculat- 
ed by Weinberg’s difference method, which is based 
on the fact that MZ twins are always of the same sex. 




Fig. 6 . 28 . The Siamese twins Chang and Eng. (From Lotze, 
R.: Zwillinge. Oehringen: Ferd. Rau 1937 ) 



Table 6 . 15 . Incidence of DZ and MZ twin births per 
10000 births (from Propping and Kruger 1976 [ 115 ]) 



Country 


Time period 


DZ 


MZ 


Spain 


1951-1953 


59 


32 


Portugal 


1955-1956 


56 


36 


France 


1946-1951 


71 


37 


Austria 


1952-1956 


75 


34 


Switzerland 


1943-1948 


B1 


36 


West Germany 


1950-1955 


82 


33 


Sweden 


1946-1955 


86 


32 


Italy 


1949-1955 


86 


37 


England, Wales 


1946-1955 


89 


36 


USA whites 


? 


67 


39 


USA blacks (California) 


1905-1959 


no 


39 


USA Chinese 


? 


22 


48 


USA Japanese 


? 


21 


46 


Japan 


1955-1962 


24 


40 



Among DZ twins, on the other hand, one-half are of 
the same sex, the other half are oppositely sexed. 
Therefore: 

Frequency of DZ twins = 2 x DZ of opposite sex 
Frequency of MZ twins = Frequency of all twins - DZ twins 

This method gives only approximate results since 
somewhat more boys are born than girls. Moreover, 
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there is some inconclusive evidence that DZ twins of 
the same sex are more frequent than expected. This 
may be caused by the fact that the time elapsed be- 
tween ovulation and cohabitation influences the sex 
ratio at fertilization. It is certain that these deviations 
are small, and Table 6.16 therefore presents a fairly 
good approximation of the truth. 

The frequency of MZ births shows little variability 
among different populations. Frequencies of DZ 
births, on the other hand, differ, the highest DZ fre- 
quency being found among African blacks, with 
variability among tribes. The Yoruba in Nigeria have 
a twinning frequency of 4.5%; 93.3% of such twins 
are dizygous. Among African-Americas DZ twins are 
born more frequently than among American whites. 
In Europe the rate of dizygosity is about 8/1000 
births. However, here higher as well as lower frequen- 
cies have been observed in some populations. On the 
Aland Islands the twinning rate was 15.2/1000 be- 
tween 1900 and 1949. The lowest rates are found 
in Mongoloid populations, especially among Japa- 
nese. 

The differences in DZ twinning rates among the main 
racial groups are maintained when the data are cor- 
rected for maternal age and birth order. 

Factors Influencing Frequency of Twin Births: Mater- 
nal Age and Birth Order. The probability of a twin 
birth increases with maternal age. This increase af- 
fects exclusively DZ births, as recognized by Wein- 
berg in 1901. Subsequent work confirmed a maternal 
age effect, showing that the DZ rate increases from 
10% at puberty at a rate of o.7%-o.8% a year up to 
the age of 35-39 years and drops afterward [78, 91, 
115]. The reason for the maternal age effect is prob- 
ably an increase in the gonadotropin level (FSH). 
This hormone has been shown to increase with ma- 
ternal age, and it could easily cause an increased ten- 
dency to polyovulation. In the Yoruba, for example, 
women having had two twin births show the highest 
FSH levels and mothers of single-birth children the 
lowest FSH levels. The hypothesis is corroborated by 
the fact that women treated with gonadotropic hor- 
mones for sterility due to anovulatory cycles fre- 
quently have multiple births. Discontinuation of birth 
control pills does not influence the twinning rate 
[93]. The reduced DZ twinning rates during the last 
years of reproductive age may be due to the ovaries 
being unable to discharge more ova in spite of high 
FSH levels. The DZ twinning rate increases not only 
with maternal age but also with birth order. 

Genetic Factors. At the beginning of this century 
Weinberg [164, 165] recognized that twin births show 
clustering in families. This familial aggregation is 
true for DZ twins only. After appropriate corrections 



Table 6.16. Incidence (percentage) of congenital malforma- 
tions in twins and singletons per 1000 births (from Propping 
and Vogel 1976 [116]) 



Source 


Approximate 


Single- 


Twins 




sample size 


tons 




Hendricks 


-35000 


3.3 


10.6 


Stevenson et aL 


421000 


12.7 


14.4 


Hay and Wehrung 
Onyskowova et al. 


10200000 


5,8 


6.2 


240000 


13.2 


26.4 


Emanuel et al. 


25000 


13.2 


23.2 



for maternal age, the probability of future DZ twin 
births for the mother is about four times the frequen- 
cy of DZ twins in the population. The chance for her 
female relatives is also increased; for her sisters it 
equals her own chance. For male DZ twins and for fa- 
thers of DZ twins, on the other hand, the chance is 
not increased. The mode of inheritance seems to be 
multifactorial; FSH levels may well be the major ge- 
netically determined cause. 

For MZ twins there are no indications of any geneti- 
cally influenced variability. The recurrence probabil- 
ity for MZ mothers does not exceed the population 
average. Mothers of DZ twins are on average about 
1-2 cm taller than mothers of either MZ twins or sin- 
gletons [19]. 

Decrease in Twin Births in Industrialized Countries. 
In almost all industrialized countries there has been 
a decrease in the frequency of twinning since World 
War II, and the old rule of one twin birth to 80 single 
births no longer holds. In Germany during the 1970 s, 
for example, there was less than one twin birth for 
100 single births. Figure 6.29 shows the decrease for 
Germany. This decline was already apparent in the 
period after World War I and, following a short peak 
in the late 1930 s, became very pronounced after 
1945. The decrease has commonly been explained by 
a maternal age effect. The average number of preg- 
nancies has decreased during this period, and most 
pregnancies have occurred at an age at which the 
chance for twins is lower. However, this explanation 
is insufficient and explains only a small part of the 
decrease. Considering known physiological and ge- 
netic data, the following hypothesis seems to be of in- 
terest [115]. 

Polyovulation is correlated with fecundity, i.e., the 
probability per cohabitation of conceiving a child. 
One common factor applying to both polyovulation 
and fecundity is the FSH level. In earlier years highly 
fecund women contributed more than their average 
share to the birth rate, thereby enhancing the number 
of DZ births. The number of children today is widely 
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1901 -39 Germany 

1950 -70 Federal Republic of Germany 




Fig. 6.29. Decrease in twin births in Germany 
during recent years. The decrease is due entirely 
to the decline in DZ twins. (From Propping and 
Kruger 1976 [115]) 



limited by parents using birth control, and the signif- 
icance of biological fecundity for actual reproduction 
has decreased. Hence the number of DZ births has 
decreased as well. This hypothesis is supported by 
statistical data. In 1946, for example, twin frequency 
increased steeply in the United States. One year 
earlier many soldiers had come home, and birth 
control was presumably less extensively practiced. 
As Fig. 6.29 shows, Germany experienced an increase 
in twin births in the late 1930 s. This was at the time 
of Nazi propaganda in favor of large families, which 
led to an appreciable increase in the birth rate. Con- 
sidered from this standpoint, the racial gradient for 
twin frequencies (black-white-Mongoloid) could 
possibly be due to natural selection for fecundity. In 
Africa high infant mortality made it necessary to ex- 
ploit the reproductive capacity of women to the ex- 
treme, whereas in Japan birth control had been prac- 
ticed for centuries, probably diminishing the selective 
advantage of high fecundity. 

In recent years the frequency of DZ twins (as well as 
other multiple births) seems to have increased again 
due to hormonal treatment. The number of twin 
pregnancies in the early phases of pregnancy appears 
higher than in later phases and at birth since an ap- 
preciable number die very early as shown by ultra- 
sound studies [81]. 

Frequencies of Multiple Births of More than Two Chil- 
dren. Hellin’s rule - i.e. that the frequency of twin 
births = t, triple births = U, etc. - holds true only very 
approximately. All combinations of mono-, di-, and 
trizygosity, etc. are possible. The famous Dionne quin- 
tuplets in Canada, for example, were monozygous. 



6.3.4 Limitations of the Twin Method 

Systematic Differences Between Twins and Nontwins. 
The purpose of twin studies to assess the role of ge- 
netic factors in human traits and diseases is to obtain 
results that apply not only to twins but to the whole 
population. Any twin study must pose the following 
question: do twins differ from nontwins in the trait 
under study? Any differences might impair the gener- 
al validity of any conclusions drawn from a twin sam- 
ple. 

Comparison of several biologic characters has shown 
differences between twins and nontwins during em- 
bryonic development. Twins suffer from a higher fre- 
quency of abnormalities during pregnancy and at 
birth. Their lower birth weight can be attributed 
only partly to the shorter duration of gestation. The 
stillbirth rate and infant mortality in early life are 
considerably higher in multiple births than in single 
ones; in later years, twins run a higher risk than non- 
twins of becoming mentally retarded, presumably at 
least partly due to complications during pregnancy 
and at birth (see below). Even the mean IQ of both 
MZ and DZ twins is slightly lower than that of control 
populations. 

Do nongenetic factors act differently upon MZ and 
DZ twins? Could this difference alter the probability 
of manifestation of the condition under investiga- 
tion? This is important because the basic concept 
(Sect. 6.3.2) of the twin method assumes that MZ 
and DZ twins are exposed to identical prenatal and 
postnatal environmental factors. Birth weight may 
serve as a simple and measurable indicator. In an ex- 
tensive survey Carney et al. (see [116]) compared the 
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average birth weights of 572 individuals from twin 
pairs of identical sex, classified by sex, placentation, 
and zygosity. The mean birth weights calculated are 
presented in Table 6.17. 

MZ twins of both sexes weigh less than DZ twins. The 
type of chorion and placenta has no effect on the 
mean birth weight of the surviving individuals. 
Therefore it appears likely that zygosity rather than 
placentation is responsible for the difference in birth 
weight. 

Some observations on X inactivation in females indi- 
cate that the division of the zygote occurs after X in- 
activation (and is a fairly disruptive process). It 
therefore may happen that all cells in which a certain 
X-linked gene has been inactivated end up in one 
twin while the cells with active X chromosomes are 
found in the cotwin. This phenomenon leads to clini- 
cal expression of X-linked traits (such as Duchenne 
muscular dystrophy or color blindness) in only one 
member of a female twin pair who are heterozygotes 
for the X-linked trait. Two of the MZ Dionne quintri- 
plets were colorblind! Moreover, the normal mosaic 
spots may be larger in twins than in singletons 
[106]. 

Comparison of individuals within monochorionic 
pairs (who are always monozygotic) demonstrates dif- 
ferences in birth weight of more than 1000 g. Such dif- 
ferences may be the result of arteriovenous anastomo- 
ses leading to a “transfusion syndrome,” consisting of 
chronic malnutrition with reduction in cytoplasmic 
mass of parenchymal organs and markedly reduced 
hemoglobin and serum protein in the donor twin. 
Since more than 20 % of all MZ twins have only one 
chorion, the transfusion syndrome could account for 
considerable intrapair differences in birth weight that 
are not observed in DZ twins [7]. 

It follows directly that birth weight is not one of the 
characters for which meaningful use of twin data 
can be made to estimate, for example, heritability. In- 
trauterine development also influences other charac- 
teristics. Table 6.18 shows the overall frequencies of 
congenital malformations in twins and in single chil- 
dren as reported by several authors. Although fre- 
quencies of congenital malformation vary greatly in 
the five series, (presumably due to different defini- 
tions) on the whole these anomalies are more fre- 
quent in twins in every analysis published. This ten- 
dency is more obvious when particular types of mal- 
formation are considered. The risk among twins is 
enhanced at least for congenital heart disease, anen- 
cephalus, hydrocephalus, and cleft lip and palate. In 
all four instances the risk is higher in same-sexed 
twins than in those of opposite sex. This indicates 
that MZ may be affected more often than DZ twins. 
The “transfusion syndrome” could easily account for 
this difference. If this explanation is correct, malfor- 



Table 6 . 17 . Birth weights of twins. (From Carney et al. 1972 , 
see [ 116 ]) 



Males 2659 g 


n = 304) 


Females 2547 g (n — 268) 


Di chorionic 


Mono- 


Dichorionic 


Mono- 




chor ionic 




chorionic 


n = 196 


n = lOS 


n- 162 


= 106 


2703 g 


2579 g 


2577 g 


2500 g 


DZ MZ 


MZ 


DZ MZ 


MZ 


n - 160 Ji = 36 


M = 108 


n-144 n = 18 


n = 106 


2728 g 2595 g 


2579 g 


2601 g 2385 g 


2500 g 



Table 6 . 18 . Incidence of selected congenital malformations in 
twins and singletons per 1000 births (see [ 120 ]) 



Type of 
malformation 


Source 
of data 


Single- 

tons 


Twins 

Total 


Same 

sex 


Different 

sex 


Congenital 


a 


0.74 


1.65 


L82 


1.27 


heart disease 


b 


2.8 


6.3 


- 


- 




c 


0.59 


0.71 


0.81 


0.49 


Anencephaly 


a 


0.92 


1.24 


1.52 


0.64 




b 


1.3 


1,2 


- 






c 


0.23 


0.37 


0.45 


0.22 


Hydro- 


a 


0.61 


0.72 


0.91 


0.32 


cephalus 


b 


LO 


3.1 


- 


- 




c 


0.30 


0.40 


0.45 


0.31 


Cleft lip and/ 


a 


1.21 


0.34 


1.68 


0.64 


or cleft palate 


b 


0.8 


0.4 


- 






c 


1.11 


1.07 


UO 


1.01 



Sources: a, Stevenson et al. ( 1966 ); b, Edwards ( 1968 ); c, Hay 
and Wehrung ( 1970 ) (see [ 116 ]). 



mations should be expected in only one of the twins. 
This expectation is in fact fulfilled. Sirenomely is a 
rare condition in which the lower body is under- 
developed, and the two legs are not separated. On 
the basis of data collected by Lenz (1973) [86], the in- 
cidence of this malformation can be estimated at 
about 1 : 1000 in MZ births and 1 : 60 000 in the gener- 
al population. Figure 6.30 shows a MZ pair which is 
extremely discordant - very probably due to an 
anomaly of embryonic development in one twin. 

Twin studies on congenital malformations using unselected 
case series show relatively low concordance rates in MZ twins 
(see Table 6 . 18 ). However, the twin method can produce only 
ambiguous results in regard to these malformations [ 116 ]. As 
in regard to all other conditions, the possible influence of in- 
trauterine factors in twin pregnancies should be considered 
before a twin study is undertaken. 
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Fig. 6.30. MZ twins at the age of 10 years. Discordant dwarf- 
ism. The second born, dwarfed twin never learned to walk 
or talk. He showed an undiagnosed developmental distur- 
bance of the skeleton and died a short time after examina- 
tion. The twin brother showed normal stature but a bilateral 
coloboma of the iris, which was absent in the malformed 
twin. (From Grebe 1959 [50]) 



Peculiarities of the Twin Situation in Postnatal Life. 
Can twins be regarded as “normal” children? Can 
the results of measurements be extrapolated to the 
nontwin population? The following considerations 
need comment. 

IQ results are lower in twins than in singletons espe- 
cially in younger age groups, as determined in 1947 
for all Scottish school children of age 11, including 
794 single twin individuals, and for 95237 French 
school children between the ages of 6 and 13, includ- 
ing 808 twin individuals. Zazzo (i960) recalculated 
these test results and found a mean IQ of 93 in the 
twins, compared to the population mean of 100. 
This difference in IQ scores can even be found at 
the end of the 2nd decade, as demonstrated in the 
study by Husen [66] on all male military conscripts 
(1948-1952) in Sweden. The IQ variability was also 
greater in twins, and the frequency of mental retar- 
dation was twice as high as in the general popula- 
tion. 

The reasons for a lower IQ seem to be manifold. Pre- 
mature birth with a higher risk of minor brain da- 
mage may be one factor; the larger burden on the fa- 
mily that must care for two young children at the 
same time could be another. 



Twins form a social group. They depend less on ex- 
change of information with the outside world be- 
cause they have each other [158, 159]. Studies in 
central Europe have shown that they frequently de- 
velop a “private language.” These findings probably 
explain why twins learn to speak later than other 
children. This process is more intensive in MZ 
than in DZ twins. MZ twins generally spend more 
time together; they frequently tend consciously to- 
ward uniformity, whereas DZ twins rather tend to 
stress the difference. The tendency toward unifor- 
mity, however, is stronger in female than in male 
MZ twins. Protesting against identity especially 
among male MZ twins occurs and may even lead 
to “twin hostility” [160]. One twin may more fre- 
quently follow the father and the other the mother, 
and the identifications may lead to conspicuous be- 
havioral differences between the twins. Another 
phenomenon that is frequently observed is role dif- 
ferentiation: one is the spokesperson to the outside 
world and usually answers when both are addres- 
sed; the other may be the decision-maker for pro- 
blems involving both twins. Or one may dominate 
and the other may be more submissive. This role 
differentiation occurs in both MZ and DZ twins 
but seems more frequent in MZ twins. This may 
lead to spurious discordance in MZ twins for beha- 
vioral traits. 

Obviously these peculiarities of the twin situation 
must be considered, especially when personality 
traits such as “extraversion” or “neuroticism” are in- 
vestigated. Still more important, these attitudes are 
influenced by changing cultural patterns. In earlier 
years the identification of twins with each other was 
usually encouraged, for example, by identical cloth- 
ing or by sending them to the same school. Today, 
many educators recommend emphasizing differen- 
ces. These special conditions of twin life influence 
mainly personality characteristics, making the twin 
method especially controversial in behavior genetics 
(Chap. 15, 16). In theory these difficulties could be 
prevented by examining twins who were separated 
early in life and reared apart. In practice, however, 
such twins are rare, and the very fact that an ideal 
study from a scientific viewpoint would require 
adoption into homes with quite different environ- 
ments makes them exceptional. 

These postnatal peculiarities of the twin situation 
may not be quite as biased for somatic diseases as 
for behavioral genetics. For a chronic infectious dis- 
ease, such as tuberculosis or leprosy, for example, it 
may be important whether a twin has more contact 
with one of the parents if this parent is infectious 
for this disease. Fortunately, less biased results can 
be expected for multifactorially determined common 
diseases of adults. 
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6.3.5 Diagnosis of Zygosity 

Every twin study requires a reliable method for zy- 
gosity diagnosis. Since Siemens [132] established the 
principle of polysymptomatic similarity diagnosis in 
1924, this problem has largely been solved. Study of 
genetic markers such as blood polymorphism and 
DNA tests has made twin diagnosis independent of 
the personal judgment and experience of the investi- 
gator. Details are given in Appendix 5. 



6.3.6 Application of the Twin Method 

to Alternatively Distributed Characteristics 

The twin method serves three purposes in this area: 

1. The difference in concordance between MZ and DZ 
twins can be used to determine whether genetic 
variability plays a role in a given disease. 

2. Penetrance (i. e., the probability of manifestation of 
the disease) can be estimated. 

3. The conditions of manifestation can be examined. 

In earlier phases of twin research most work was cen- 
tered around the first two aspects. Recently, however, 

the third has often been emphasized. Four approaches 

have been used to achieve these purposes [89]: 

1. Case Reports. Descriptions of cases of concordant 
or discordant twin pairs, especially MZ pairs, are 
being published, often for the sake of their curios- 
ity value. The scientific value of this approach lies 
in the possibility of a thorough analysis of discor- 
dant MZ pairs. In rare disorders case reports may 
provide the only available information on whether 
the conditions have any genetic basis. A single 
carefully analyzed discordant MZ pair for any dis- 
ease shows that the condition cannot be exclusively 
genetically determined; it may point to epigenetic 
effects that modify gene expression. 

2. Accumulated Case Reports. Even when a number of 
case reports are accumulated, the same limitations 
apply as for single case reports. Such a compilation 
of twin pairs is not representative, but systematic 
analysis of MZ twins discordant for a certain dis- 
ease may provide valuable information on the en- 
vironmental and other epigenetic conditions af- 
fecting manifestation. A relatively small series of 
discordant twins could produce much better infor- 
mation on risk factors influencing the manifesta- 
tion of disease than would surveys of large popula- 
tions in which the problem of adequate control 
samples might be insuperable. 

3. “Limited Representative” Sampling. This method is 
the most frequent approach for obtaining large, un- 
biased series of twin pairs. Luxenburger [89] con- 



sidered this approach to be of “limited representa- 
tive value” because the sample is taken not from a 
defined region and time period but from a patient 
series. All twin individuals are ascertained within 
a population of affected patients of the disease un- 
der investigation. The co-twins are examined to de- 
termine whether they are affected as well. It is im- 
portant, however, that all twins within the patient 
population be ascertained; otherwise concordant 
pairs usually have a higher chance of being inclu- 
ded in the sample than do discordant ones. Suc- 
cessful ascertainment of all twins is achieved when 
the frequency of detected twins in the series equals 
that of the frequency of twins in the general popu- 
lation. The proportion of like-sexed and different- 
sexed twins and - after zygosity diagnosis - the 
proportion of MZ and DZ should agree with that 
in the general population. Practical application of 
this method would be much easier if the routine 
questionnaire for hospital patients were supple- 
mented by the question: is the patient a twin? 

4. Unlimited Representative Sample. Here every twin 
in a population is ascertained and examined re- 
gardless of whether he or she suffers from the con- 
dition under investigation. Usually complete birth 
registers over a span of several years must be 
screened. The number of individuals who must be 
examined is enormous in comparison to “limited 
representative sampling.” If the condition has an 
incidence, say, of 0.5 % and the number of twin in- 
dividuals is 1 : 50, with the “limited representative” 
approach 10 000 persons must be screened to find 
200 twin individuals. For unlimited representative 
sampling, a population of 2 million must be 
screened. On the other hand, for some traits, espe- 
cially mental illnesses, this approach - which has 
been undertaken in Denmark, Norway, Sweden, 
and Finland [24, 43, 76, 147] - has produced results 
showing interesting variations from those of inves- 
tigations using limited representative sampling 
(Chap. 15, 16). In Budapest, Hungary, all twins 
born since 1970 are being registered [29]. 

A recent large twin sample is a modified unlimited 
representative sample. All male twins who were regis- 
tered in the United States Armed Services during 
World War II are being sampled by a twin registry 
maintained by the National Research Council in 
Washington, D. C. A variety of investigations have 
been carried out with these data or are in progress. 

6.3.7 An Example: Leprosy in India 

A twin study on leprosy in India may serve as an example for 
application of the twin method [22]. Leprosy is caused by 
Mycobacterium leprae (Hansen’s bacillus); however, not ev- 
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Table 6.19. Concordance in 102 twin pairs with leprosy, 



62 MZ and 40 DZ twins (from Chakravartti and Vogel 1973 
[22]) 


Sex 


MZ pairs 


DZ pairs 




Concordant 


Concordant 


Males 

Females 

Males females 


24, 60.0% 
13, 59.1% 


5, 22.7% 

1, 16.7% 

2, 16.7% 


Total 


37, 59 J% 


8, 20.0% 


Z" = 15.53; P ~ 0.003. 







Table 6.20. Concordance and discordance for type of leprosy 
in MZ and DZ leprous twins (from Chakravartti and Vogel 
1973 [22]) 





Concordant 
for type 


Discordant 
for type 


Sum total 


MZ twins 


32 


5 


37 


DZ twins 


6 


2 


8 


Total 


38 


7 


45 



Only twin pairs concordant for leprosy are included. 



eryone exposed to the bacillus becomes infected, and not ev- 
eryone who becomes infected develops clinical symptoms. 
Furthermore, the infection produces varying manifestations 
depending on the immunological state of the organism. One 
patient may show only depigmented and anesthetic macules 
(tuberculoid leprosy) while another have diffuse infiltrations 
(lepromatous leprosy). 

The apparent differences in susceptibility may have many 
causes, but available information makes genetic influence 
probable. Two such causes are the clustering of the same 
type of leprosy among near relatives and racial differences 
in relative frequencies of different leprosy types. In whites 
and blacks the tuberculoid type is more frequent while in 
Orientals the lepromatous leprosy prevails. Other studies 
with smaller patient series, although not entirely satisfac- 
tory on methodological grounds, have suggested genetic in- 
fluences in leprosy as well [22]. 

The twin study discussed here was carried out in endemic 
leprosy areas in West Bengal and Andhra Pradesh, India, 
where at least 2%-4% of the total population is known to 
be affected. A determined effort was made to ascertain all 
twins suffering from leprosy within these districts. First, all 
those in permanent and mobile leprosy clinics were asked 
(a) are you a twin, and (b) do you have any twin pairs in 
your family or in your village? The investigation was then ex- 
tended to village surveys. A total of 102 twin pairs with at 
least one twin affected by leprosy were examined. 

Table 6.19 shows that the concordance rate in MZ is signifi- 
cantly higher than in DZ. In addition, in many of the affected 



MZ pairs both the course of the disease and the extent of the 
lesions show striking similarity. The intrapair differences at 
the age of onset of all concordant (MZ and DZ) twin pairs 
tends to be smaller in MZ than in DZ twins. 

As leprosy may show different clinical manifestations, this 
disease allows analysis of concordance regarding the parti- 
cular type of leprosy present. Table 6.20 shows that 5 of the 
37 MZ pairs concordant for leprosy were discordant as to 
leprosy type, with one being tuberculoid and the other le- 
promatous. These pairs offered the opportunity for an addi- 
tional finding. It has been suggested in the past that a sim- 
ple mode of inheritance is responsible for lepromatous le- 
prosy. A possible candidate is impaired function of T lym- 
phocytes. However, the discovery of five MZ twins concor- 
dant for leprosy but discordant for the type renders this 
possibility unlikely. Thus twin studies, apart from providing 
evidence on how genetic variability influences susceptibility, 
may help to illuminate more specific hypotheses on patho- 
genesis. 

A possible bias must be considered. A determined effort was 
made to ascertain all twin individuals with leprosy in the re- 
gions under investigation. However, as the relative frequen- 
cies show, ascertainment of MZ twins was much more com- 
plete than that of DZ twins. (In the Indian population the ra- 
tio MZ/DZ is very similar to that in Europe.) The reason for 
this bias is found in certain living conditions in this part of 
India. Most of the individuals examined lived in rural areas 
with a high illiteracy rate; most of the local inhabitants did 
not even know their exact age. Therefore a twin pair was 
usually recognized as such only when the similarity could 
not be overlooked. Under these circumstances DZ twins fre- 
quently would not even be noticed. Sometimes the sibs them- 
selves did not realize they were twins. 

How might incomplete ascertainment of DZ twins have influ- 
enced the result? As ascertainment of concordant pairs is 
generally favored, the differences between MZ and DZ pairs 
may be underestimated. More important, however, is the 
question: were the MZ pairs completely ascertained? Prob- 
ably not. Some pairs may have successfully hidden their dis- 
ease; many of the pairs lived in beggars’ colonies and received 
no treatment; twins from the upper castes may have escaped 
the survey due to treatment by private physicians; some pa- 
tients may have purposely given wrong answers to avoid the 
social stigma of leprosy for their afflicted twins or relatives. 
As most of these factors apply to both MZ and DZ twins, re- 
gardless of concordance or discordance, a stronger influence 
on concordance ratio in MZ due to proband selection is un- 
likely. Nevertheless, the concordance figure may still be too 
high. 

As to environmental risk factors, analysis of discordant MZ 
pairs confirmed that continuous and intensive contact with 
infectious cases is most important. Therefore concordance 
figures of the same high order of magnitude can be expected 
only in those areas in which leprosy is highly endemic. Infec- 
tion is almost ubiquitous, and contracting the disease de- 
pends mainly on inherited susceptibility. In populations 
with lower incidence of leprosy, infections depend more on 
chance. Therefore, low concordance rates between MZ twins 
may be expected. 

Surveys on tuberculosis show similar results [161]. 
Earlier studies gave concordance rates in the order 
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of magnitude encountered in the leprosy study above. 
Patients included in these studies grew up at a time 
when almost everyone in industrialized areas such 
as western Europe or the United States was exposed 
to the infection as evidenced by positive tuberculin 
tests. A more recent study found concordance to be 
lower [133]. In recent years, the risk of infection had 
been reduced appreciably. 

Even for a purely somatic condition such as leprosy, 
observed concordance rates and hence conclusions 
as to the degree of genetic determination or liability 
are valid only for the environmental conditions pre- 
valent in the population in which the twins are living. 
Generalization to other populations should be subject 
to careful consideration of living conditions. In wes- 
tern Europe, for example, leprosy disappeared during 
the seventeenth and eighteenth centuries without any 



Table 6.21. Twin results in multifactorial diseases (excluding 
mental diseases; data from von Verschuer 1959 [161]; Jorgen- 
sen 1974 [69]; Berg 1983 [8]) 



Condition 


Twin 

pairs 


n 


Concordant 
n % 


MZ more 
frequently 
concordant 
than DZ 


Clubfoot 


MZ 


35 


8 


22.9 


10,0 




DZ 


135 


3 


2.3 




Cong, dislo- 


MZ 


29 


12 


41.4 


14,8 


cation of hip 


DZ 


109 


3 


2.8 




Cleft lip 


MZ 


125 


37 


29.6 


6.4 


and palate 


DZ 


236 


11 


4.7 




Cancer 


MZ 


196 


34 


17.4 


1,6 




DZ 


546 


59 


10.8 




Coronary 


MZ 


50 


23 


46,0 


4 


heart disease 


DZ 


59 


7 


11.8 




Diabetes 


MZ 


181 


101 


55.8 


4.9 


mellitus 


DZ 


394 


45 


11.4 




Hyper- 


MZ 


49 


23 


47,0 


15.1 


thyroidism 


DZ 


62 


4 


6.5 


4.1 



therapy, only due to improvement in living condi- 
tions. There was probably little or no influence of ge- 
netic changes. 

6.3.8 Twin Studies in Other Common Diseases 

Table 6.21 lists some diseases in which the twin meth- 
od has helped to establish the significance of genetic 
factors in suceptibility. The first three entries are 
malformations, and therefore the transfusion syn- 
drome may have influenced the concordance rate. In 
all diseases higher concordance in MZ twins than in 
DZ twins was noted. The data fulfill the “twin criter- 
ion” (Sect. 6. 1.2.3) for multifactorial inheritance. 

Table 6.22 gives figures for five infectious diseases. 
High concordance is not in itself sufficient to estab- 
lish the existence of genetic factors in susceptibility; 
the difference between MZ and DZ must be consider- 
able. For example, before immunization was intro- 
duced almost every child contracted measles. There- 
fore concordance in both MZ and DZ twins was natu- 
rally high, indicating that genetic factors are of no 
particular importance. The data in Table 6.22 were 
collected at a time when these diseases were very 
common. 

Analysis of discordance can shed some light on ge- 
netic versus environmental factors in disease. Studies 
by Lemser as early as 1938 [84] showed, for example, 
that pregnancies - and especially multiple pregnan- 
cies - can lead to manifestation of diabetes in predis- 
posed mothers, as in a number of cases one co-twin 
became diabetic after several pregnancies, whereas 
the other one, who became pregnant less frequently, 
remained healthy (Fig. 6.31). However, the informa- 
tion supplied by twin studies on genetic aspects of 
disease susceptibility tends to be general and nonspe- 
cific. It therefore is not surprising that twin studies 
for internal diseases have lost popularity in recent 
years. The feeling seems to prevail that, compared 
with the input of time and resources, the return in 
terms of new and specific knowledge is too meager. 



Table 6.22. Twin concordances in four infectious diseases (from Jorgensen 1974 [69]; Chakravartti and Vogel [22]) 



Disease 


Twins 

n 


MZ 






DZ 






MZ higher 
than DZ 


n 


Concord. 


Cone, 

(%) 


n 


Concord. 


Cone. 

(%) 


Measles 


3645 


1629 


1586 


97.4 


2016 


1901 


94.3 


1.03 


Scarlet fever 


702 


321 


175 


54.6 


381 


179 


47,1 


1.16 


Pneumonia 


800 


328 


106 


32.3 


412 


86 


18.2 


1.77 


Tuberculosis 


1316 


386 


204 


52.8 


930 


192 


20.6 


2.56 


Leprosy 


102 


62 


37 


59.1 


40 


8 


10.0 


2,90 
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Fig. 6.31. Five MZ adult pairs discordant for diabetes melli- 
tus. The twin sister with the higher number of pregnancies 
developed diabetes mellitus, whereas the sister with only a 
few or no pregnancies remained healthy or developed dia- 
betes much later. (Data from Lemser 1938 [84]) 



However, recent twin studies have helped to establish 
that genetic factors play a role in the biotransforma- 
tion of all drugs examined so far (Sect. 7.5.1). Some 
valuable information may still be gathered by this 
method, if it is used correctly and is supplemented 
by other methods (for examples see Chap. 15, 16). 

6.3.9 Twin Method in Investigating Continuously 
Distributed Characteristics 

To what degree is the variability of a characteristic in 
a population genetically determined? One condition 
for a meaningful investigation is that the characteris- 
tic be measurable. This would seem to be self-evident, 
but in behavior genetics (Chap. 15) the problem of ap- 
propriate instruments for measurement is in fact a 
major problem. Once this problem is resolved, the 
next problem would be: how do we obtain a twin 
sample? Schools, colleges, and military conscription 
usually provide good possibilities for locating an “un- 
limited representative sample” (Sect. 6.3.6). However, 
it is not easy to find a really unbiased sample. At least 
one bias that is always present is that MZ twins are 
more likely to volunteer than DZ twins. It is plausible 
that cooperation is correlated with personality vari- 
ables; this source of selection may therefore introduce 
a bias into some studies in behavior genetics. 

When measuring the characteristic in question, an 
important but much neglected aspect are errors in 
measurement. 



Heritability Estimates from Twin Data. The concept of herit- 
ability has been introduced above (Sect.6.1.1.5). In a continu- 
ously distributed characteristic, such as stature, heritability 
was estimated from comparison between parents and chil- 
dren. Twin data offer an alternative means to obtain herit- 
ability estimates. The method is discussed in Appendix 5. It 
is suggested that three alternative estimates of should be 
calculated: 

hi from comparison of MZ with DZ pairs 
hi from comparison of MZ pairs with age-matched, unrelat- 
ed control pairs of the same series 
h] from the intraclass correlation coefficients within the 
whole series of MZ, on the one hand, and DZ, on the 
other 

These three estimates are subject to various biases, i.e., an 
unbiased estimate of h^ from twin data is impossible. This is 
especially true for the estimate from intraclass correlation 
coefficients hy which has been used most in the literature. 
Most heritability estimates from twin studies are based on 
unrealistic assumptions. For example, twins are assumed to 
represent an unbiased sample of the population, and the 
twins examined are taken as an unbiased sample of all twins. 
It is assumed that the environment of twins is identical to 
that of the general population, and therefore that identical 
environmental influences act on MZ and DZ twins. This as- 
sumption may well be the most troublesome, since MZ twins 
often search out and create more similar environments. How- 
ever, interaction between heredity and environment as well as 
covariance between heredity and environment are usually ne- 
glected. Effects of dominance cannot be separated from addi- 
tive genetic variance. The limitation of the heritability con- 
cept precludes any hints as to the number of genes operative 
and any clues as to the genetic mechanism involved. 

All these considerations should warn us not to take 
heritability estimates from twin data too literally. 
They are crude measures that may serve as a first 
orientation in estimating a genetic component in the 
phenotypic variability of a certain character. They 
pose questions rather than answering them. 

6.3.10 Meaning of Heritability Estimates: 

Evidence from Stature 

High heritability has been found for stature. This 
means that environmental variations found in the po- 
pulation from which twins come have little influence 
on the phenotypic value. One might conclude that 
stature is a genetically stable character that cannot 
be altered by any changes in the environment, except 
possibly in extreme situations such as by severe mal- 
nutrition. This conclusion has been shown to be 
wrong. 

Increase in Stature During the Past Century [85]. Over 
the past one and a half centuries an appreciable in- 
crease in stature has been observed in many coun- 
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tries. Examination of skeletons from the Neolithic to 
the middle of the nineteenth century shows mean 
body height to have remained constant over this pe- 
riod (Table 6.23). The recent increase in stature is 
most notable in population subgroups of lower socio- 
economic status (Table 6.24). Moreover, it is found 
even at birth and, particularly, after the first year of 
life. At the same time, a substantial decrease in the 
mean age at menarche has been observed. Statistical 
analysis of the data on stature excludes genetic influ- 
ences. The reduction of inbreeding in recent times 
compared with more intensive inbreeding in earlier 
periods is not sufficient to explain the observed in- 
crease in body height (Chap. 13). Natural selection 
would have been expected to lead to decreased sta- 
ture since during the same time period population 
subgroups with lower socioeconomic status who 
were shorter tended to have more children. There is 
convincing evidence that this increase in stature is 
caused by environmental factors - better nutrition 
during childhood, especially during the first years of 
life, and reduction in infectious diseases, mainly in- 
fections of the gastrointestinal tract leading to diar- 
rhea. 

Lesson to Be Learned from This Example. High herit- 
ability for a given trait as measured under certain en- 
vironmental conditions does not prevent this trait 
from being influenced strongly by secular trends in 
environmental conditions to which the whole popula- 
tion or appreciable parts of it may be subjected. 

This phenomenon is especially true for characteris- 
tics developing over a prolonged period of time, dur- 
ing which there may be exposures to various chang- 
ing external influences. However, not every environ- 
mental change influences such a trait. Some - and 
even those that plausibly would have an effect - 
might still be without influence. A prediction in gen- 
eral terms is impossible; every situation may be dif- 
ferent. This topic is taken up again in the section on 
behavior genetics. 

6.3.11 Twin-Family Method [ 71 , 88 ] 

It usually is burdensome to amass twin or family ma- 
terial for a proposed study. Therefore if one plans to 
investigate a certain condition by means of both ap- 
proaches, examination of the families of twins is an 
obvious possibility for reducing the effort in- 
volved. 

The two designs may be linked in a more special way. 
The fact that some MZ twins are concordant and oth- 
ers discordant for a given disorder may be caused by 
one or both of two reasons: (a) manifestation of the 
disorder is influenced by nongenetic factors, and (b) 



Table 6.23. Average stature (cm) of adult males (from Lund- 
mann; see Lenz 1959 [85]) 





Sweden 


Norway 


Denmark 


Stone Age 


169.5 


164 


170.0 


Bronze Age 


166.5 




166.5 


Iron Age 


167.0 


167.0 


168.0 


Middle Ages 


167.5 


167.0 


- 


1855 


167.5 


168.0 


165.5 


1939 


174.5 


174.5 


L71.5 



Table 6.24. Stature (cm) of Swiss conscripts (from Lenz 1959 

[85]) 



Kanton Luzern 


1897-1902 


1927-1932 


Increase 


Merchants and 


166.6 


171.2 


4.4 


students 


Factory laborers 


161,8 


167.0 


5.2 


Farmers 


163.1 


166.1 


3.0 


Kanton Schwyz 


1887 


1935 




Intellectuals 


167.0 


170,6 


3.6 


Heavy physical 


164.0 


169.4 


5.5 


labor laborers 


Light physical 


163.2 


168.0 


4.8 


labor laborers 


Farmers 


162.9 


168J 


5.8 


Factory laborers 


155.9 


169.6 


13.7 


City of Zurich 


1910 


1930 




Merchants and 


169.6 


172.7 


5.1 


students 


Tailors 


166.5 


169.5 


3.0 


Factory workers 


166.4 


170,5 


4.1 


Farmers 


165.8 


168,4 


2.6 


Blacksmiths 


165.7 


163.8 


3.1 



there are two different types - an inherited and a 
noninherited form. The two possible explanations 
can be distinguished by comparing empirical risk fig- 
ures for the disorder in close relatives of concordant 
as compared with discordant MZ pairs. If there is 
heterogeneity, so that one type of the disease is non- 
genetic, the risk of relatives of discordant MZ pairs 
is no higher than that in the general population, 
while discordance caused by nongenetic factors leads 
to similar risks among relatives of concordant or dis- 
cordant twins. 

To our knowledge, Luxenburger [89] was the first to 
use the twin-family method. He showed that in schi- 
zophrenia risks are about equal in the groups of rela- 
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tives of concordant and discordant MZ twin pairs, 
suggesting that sporadic nonhereditary cases are 
rare or nonexistent. 

6.3.12 Co-Twin Control Method [ 48 ] 

Since MZ twins are very similar or identical in a 
number of characters, one can examine whether and 
to what degree various environmental influences are 
capable of changing a given characteristic. Often a 
characteristic changes spontaneously over time; a 
disease may remit spontaneously, and this may be at- 
tributed erroneously to intervention or external influ- 
ences. 

MZ twins offer a good investigative opportunity by 
exposing one twin to the influence under study and 
the other not. This method allows the most perfect 
experimental device by complete control of possible 
host variability. The method can be compared to 
using inbred animal strains in experimental medi- 
cine. 

Although the method was developed for investigating 
educational influences on human behavioral charac- 
teristics, it can also be used in a more general way, 
for example, to test whether certain therapeutic mea- 
sures are useful. 

One study [75] examined 22 MZ and 28 DZ twins by 
psychological test procedures to determine whether 
certain aspects of intelligence can be improved by 
“psychological exercise.” The tests were first carried 
out without any prior training. Then the twin with 
the poorer performance received training once every 
week for 5 weeks. At the end of the 5 weeks the twins 
were examined again, and an increase in perfor- 
mance was found in the trained twins but not in their 
co-twins. 

A Swedish study [103] compared two methods of 
teaching reading and writing in ten MZ and eight 
DZ twins of the same sex. The advantages commonly 
claimed for the analytic method, which starts with 
the reading of whole words rather than single letters, 
were not confirmed. Certain advantages of the more 
traditional method in which individual letters are 
taught to be combined into words were, however, de- 
tected. Due to the different structure of languages, 
this result cannot immediately be generalized. Repli- 
cation of the study in an English-speaking population 
would be interesting, as the sound of letters depends 
much more on their context within words than it 
does in other European languages. 



6.4 Contribution of Human Genetics 

to Concepts and a Theory of Disease [ 156 ] 

6.4.1 General Principles 

The Concepts of Disease and Diagnosis [156]. Who is 
ill? Almost everyone suffers illness for some period 
during life. The distinction between a slight discom- 
fort and a disease requiring help from a physician is 
not sharp. It depends on the present state of medi- 
cine, but still more on general living conditions, soci- 
etal attitudes toward health and disease, and the or- 
ganization of medical care. This is epitomized by the 
huge differences in the numbers of physicians (and 
other care givers) per capita in affluent industrial so- 
cieties, on the one hand, and in many developing 
countries, on the other. Even in countries with a 
high standard of living, however, not every episode 
of being unwell can - and should - be treated. Epide- 
miological studies in an urban population of Sweden, 
for example, have shown that more than one-half of 
adults within the past year had suffered from symp- 
toms that, in the opinion of the examiners, would 
have justified psychiatric or psychotherapeutic treat- 
ment [57]. 

When someone is ill, physicians use their skills to 
reach a diagnosis [167]. This means that an attempt 
is made to try to classify the patient's complaints 
into a specific disease category. The systematics of 
disease classification is called nosology. Unlike zoolo- 
gical or botanical systematics, there is no natural sys- 
tem of diseases. Doctors work with a heterogeneous 
classification that has grown historically with the de- 
velopment of medicine. Disease categories often 
have blurred borders and may overlap. This is not ne- 
cessarily wrong. Medicine is only partially a science 
and does not strive for a perfect classification system. 
Rather, the assignment of a diagnosis aids in predict- 
ing the natural history of the disease and may help in 
devising appropriate treatments. Diagnostic classifi- 
cation helps physicians to make use of the past ex- 
periences of their profession. 

To repeat: medicine is not a science. It is an art and 
an applied science or techne (Plato). It uses science 
to work out guidelines for diagnosis, prognosis, ther- 
apy, and prevention. Here, the science of genetics has 
contributed to many useful concepts and methods in 
recent decades. 

Diseases with Simple Causes. Scientific understanding 
requires theoretical foundations. Requirements for a 
good scientific theory are discussed in Sect. 6.i.i.6. A 
theory underlying the explanation of all diseases 
does not exist and probably never will. However, the- 
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ories are possible for certain aspects of disease. For 
example, the concept of a disease that is determined 
by one single cause proved to have a high explanatory 
value. For example, the multiple and varied signs of 
tuberculosis occur only following infections with My- 
cobacterium tuberculosis. The specific development of 
the tubercular infection and the natural history of tu- 
berculosis in an individual depend on many addi- 
tional circumstances, including genetic factors. A 
theory of disease that is centered around the concept 
of a disease unit produced by a single cause is speci- 
fic, requires an elucidation of mechanisms, and there- 
fore has a high explanatory value. As a first choice, 
such a theory is preferable to a concept based on 
mere description of disease signs, such as coughing 
or hemoptysis, or on the low-order constructs on 
which the organ pathology of the nineteenth century 
was based, such as “chronic productive inflammation 
of the lungs.” The goal of scientific research on dis- 
ease is the replacement of descriptive pathology by 
more explanatory diagnostic concepts. 

Obviously this is easier when a distinct disease has a 
single cause. A century ago this concept was success- 
fully applied to various infectious diseases. Under- 
standably, this success encouraged scientists to apply 
the concept to conditions in which a single cause 
does not exist, and where diagnostic criteria were 
fuzzy. A probable example is schizophrenia. Here the 
search for the one major biological or psychological 
cause has been unsuccessful, although it is conceiva- 
ble that a major cause has eluded research [114]. 
Hereditary diseases with simple, monogenic inheri- 
tance are excellent examples for the successful appli- 
cation of the monocausal disease concept. Using mu- 
tations of the hemoglobin genes as examples, it can 
be shown how genetic analysis based on Mendel’s 
paradigm and its extension into molecular biology 
not only permitted identification of the causes of dis- 
ease but also paved the way for elucidation of the 
mechanisms by which well-defined mutations cause 
impairment of function, i.e., disease (Sect. 7.3). It is 
noteworthy, however, that interaction with other 
genes and possibly with the environment determines 
the severity of monogenic diseases. Sickle cell anemia 
is a well-studied example. Higher HbF levels entail 
milder clinical manifestations in sickle cell anemia, 
and various well-defined mutations that cause eleva- 
ted levels of fetal hemoglobin (hereditary persistence 
of fetal hemoglobin) ameliorate the clinical picture. 
However, even more subtle alterations in the chromo- 
somal environment around the HbS mutation (as de- 
fined by DNA variant haplotypes) apparently affect 
critical HbF regulatory sites [163]. Thus, the “Senega- 
lese” type of sickle cell anemia is associated with 
more HbF, a preponderance of the HbG y chains, 
and a lower proportion of irreversibly sickled cells 



compared with the mutationally identical “Benin” 
type of sickle cell anemia which differs in DNA hap- 
lotype [104, 105]. The simultaneous presence of a tha- 
lassemia is another modifying factor associated with 
a less severe clinical pattern. Our increasing ability 
to define specific genetic determinants that affect 
clinical severity in sickle cell anemia provide an ex- 
cellent model for elucidating the pathogenesis and 
clinical severity of other genetic diseases by analysis 
of interacting genes. 

The hemoglobin variants demonstrate another phe- 
nomenon. Mutations within the same gene may lead 
to quite different phenotypes. Methemoglobinemia, 
for example, is a different disease than sickle cell ane- 
mia get both are caused by different mutations affect- 
ing the Hb (3 gene. Other mutations at different sites 
of the same gene, with different effects, have been ob- 
served. Conversely, genetic heterogeneity, i. e., causa- 
tion of similar or even identical phenotypes by muta- 
tions at different gene loci, is also quite common, so 
that a variety of causes may lead to the same end ef- 
fect. 

In chromosomal aberrations the causes of many birth 
defects have been identified. Chromosomal aberra- 
tion syndromes are defined unequivocally by their 
abnormal chromosomal constitution. But the mech- 
anisms by which these aberrations lead to abnormal 
phenotypes, i. e. the pathways from genotype to phe- 
notype, remain poorly understood (Chap. 8; see also 
[36]). 

The situation is different in many genetically influ- 
enced diseases and anomalies. In these - as in schizo- 
phrenia - a single cause cannot be identified, and in 
many cases may not exist. The same pathogenetic 
process causing the disease might be triggered by a 
variety of causes - either alone or in combination. 
Some of these causative factors may be genetic, while 
others are “environmental” including somatic (e.g., 
allergens), behavioral (e.g., feeding and drinking ha- 
bits), social (e.g., influences of parents, school, occu- 
pation), and other factors. Often a preliminary de- 
scription in terms of “multifactorial inheritance with 
or without threshold effect” (Sect. 6.1.2) allows some 
preliminary conclusions. However, the identification 
and analysis of the specific genetic and environmen- 
tal components contributing to a disease risk is the 
next goal. A genetic liability may have different cau- 
ses and components between one individual and fam- 
ily and the next, as shown in the discussion of hyper- 
lipidemias and coronary heart disease (Sect.6.4.2.2). 
The same is true for a disease that has been called 
“the nightmare of the medical geneticist” (Neel, 
[107]) - diabetes mellitus. 

Genetics of Diabetes Mellitus [26, 107, 110, 126]. The 
developments in our progressive understanding of 
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diabetes mellitus illustrate how a common disease is 
gradually becoming better understood. Very early in 
medical history the disease was diagnosed when 
there was thirst, polyuria, weight loss, weakness, 
coma, and death associated with sweet-tasting urine. 
Today, a quantitative fasting blood glucose level with 
a cutoff point of 140 mg per 100 ml is used for diag- 
nosis. This cutoff point is arbitrary, however, and 
therefore causes difficulties in classification and 
problems for genetic analysis. This is a typical exam- 
ple of the general situations described above: a slight- 
ly increased blood glucose level in itself is no disease; 
the individual does not even feel it. But it points to an 
increased risk for potentially serious complications. 
Diabetes is highly heterogeneous, i. e., different genet- 
ic and possibly nongenetic causes produce a clinical 
condition that is diagnosed as diabetes. Both com- 
mon and uncommon varieties of diabetes exist. The 
two most common are known as type I and II dia- 
betes and can be differentiated by many numerous 
criteria (Table 6.25). Their etiology is different, and 
they run true to form, i. e., there is familial aggrega- 
tion limited to the type of diabetes observed in the 
index case. Although familial aggregation is less 
striking in the more severe type I diabetes, the patho- 
physiology is better understood [126]. There is in- 
creasing evidence that this disease is caused by a viral 



Table 6.25 Types I and II diabetes (from Olefsky 1985 [no]) 





Type I 


Type II 


Prevalence 


0.2%-0.3% 


2%-4% 


Proportion of all 


7%-10% 


90%-93% 


diabetes^ 


Onset 


<30 years 


>40 years 


Body fat 


Lean 


Obese ('-80 %) 


Ketoacidosis 


Common 


Rare 


Insulin deficiency 


Absolute 


Rare 


Therapy 


Insulin 


Diet 


Complications 


Vasculopathy, 


Infrequent 




neuropathy, 


and late 


MZ twin concordance 


nephropathy 

40%-SO% 


100% 


First-degree relatives 


5%-10% 


10%-15% 


affected 


HLA D3/D4 association 


Yes 


No 


Circulating pancreatic 


Yes 


No 


islet cell autoantibodies 


Other autoimmune 


Occasional 


No 


phenomenon 


Insulin secretion 


Severe 


Variable 


Insulin resistance 


deficiency 

Occasional; 


Usual: 




insulin 


post receptor 




antibodies 


defects? 



^ All other “diabetes” forms are quite rare: <1 %. 



insult to the islets of Langerhans in the pancreas, fol- 
lowed by the production of anti-islet autoantibodies 
which gradually destroy the islets. This process leads 
to insulin deficiency and characteristic clinical find- 
ings. However, not every person develops the dis- 
ease. 

Susceptibility is strongly increased by the presence of 
two alleles at the HLA-DR locus, DR3 and DR4. Com- 
pound heterozygotes DR3/DR4 run a still higher risk 
if the risks were simply additive. Susceptibility ap- 
pears to be more or less confined to suballeles that 
can be identified with molecular methods 
(Sect. 6.2.3). Moreover, association with DR3 or DR4 
permits subdivision of type I diabetes into two sub- 
types: the DR3-associated type shows primarily auto- 
antibodies, whereas in the DR4-associated type a 
virus etiology appears more likely (Fig. 6.32). Thus 
this is another example of categorization of an appar- 
ently uniform disease into two subtypes. 

However, even among identical twins there is only 
50 % concordance, suggesting that various other fac- 
tors, such as lack of equal exposure, random events, 
and poorly understood environmental factors also 
play an important role in the etiology. 

Type II diabetes is common in the middle-aged and 
elderly but is usually mild. Genetic factors play an 
important role, as evidenced by the high identical 
twin concordance rate. The nature of the genetic fac- 
tors and their mode of transmission have not yet 
been elucidated. 

Further heterogeneity (based on a variety of autoim- 
mune phenomena in type I diabetes and by various 
criteria such as obesity in type II diabetes) is likely 
but has not yet found general acceptance. 

In contrast to type I and type II diabetes, which do 
not follow Mendelian inheritance, a rare form of the 
disease with early onset and a mild course without 
complications is transmitted by autosomal-dominant 
inheritance. This condition is known as maturity-on- 
set diabetes of the young (MODY). In some families a 
functional defect of the enzyme glucokinase has been 
observed [140], but there is genetic heterogeneity at 
the DNA level even for the MODY group. 

A variety of very rare types of diabetes have been dif- 
ferentiated. These involve insulins with amino acid 
substitutions that make for lessened activity of the 
insulin molecule [129]. Defective conversion of proin- 
sulin to insulin owing to amino acid sustitution at 
critical sites has also been described as an autoso- 
mal-dominant trait [122]. Most forms of diabetes, 
however, are not associated with structurally abnor- 
mal insulin. 

Insulin receptor action has been studied extensively 
[125]. Various receptor abnormalities manifesting as 
a decreased number of insulin receptors or decreased 
insulin binding capacity have been found in a rare 
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Fig. 6 . 32 . Genetic determination and pathogenetic pathways 
leading to diabetes mellitus. Numerous genes - often in com- 
bination with environmental factors - may lead to an in- 
crease in blood sugar which may cause, in addition to clinical 
signs of diabetes (fatigue, thirst, etc.), complications such as 
ketoacidosis leading to coma, and angiopathy leading to cer- 



ebrovascular disease, coronary heart disease, retinopathy, 
and kidney failure. Note difference between type 1 and 
type 2 diabetes. MODY stands for mature onset diabetes of 
the young, is inherited as an autosomal dominant trait, and 
may be caused by glucokinase mutations. (See text) 



type of insulin-resistant diabetes and in some rare ge- 
netic conditions such as leprechaunism, lipodystro- 
phy, ataxia telangiectasia, and acanthosis nigricans. 

A list of some 60 rare conditions, in fact, has been 
collected in which, in addition to other clinical signs, 
hyperglycemia is observed [126]. 



Discussion of other aspects of diabetes mellitus: 


- Sect. 3. 13. 10: 


Glucokinase deficiency in MODY dis- 
eases 


- Sect. 6.2.3: 


Association with HLA alleles 


; - Sect.6.3.S: 


Studies on ^wins 


- Sect. 9.2.4: 


Nondisjunction of chromosomes 


- Sect, 14.3: 


Population genetics, natural selection 



Disease Concepts and Diagnosis [166, 167]. When a 
diagnosis is made, a certain cluster of clinical signs 
and laboratory data are subsumed as a disease unit. 
This attitude is justified when a single major cause 
can be pinpointed, such as in infectious and mono- 
genic genetic diseases. However, the great majority 



of diseases are defined phenomenologically, or in 
more recent times by some metric characteristics, 
such as blood sugar in diabetes or blood pressure 
for hypertension. 

In medical practice, this procedure is often successful 
since medical diagnosis is meant to serve as a guide 
to therapy. Therapy may not require the careful het- 
erogeneity analysis necessary for genetic investiga- 
tions. Therefore it may be reasonable and advisable 
to stop diagnostic procedures at a point at which no 
further benefit for the patient can be expected. If the 
management remains identical, it is no longer impor- 
tant for practical purposes to differentiate between 
subtle diagnostic categories. 

However, there may be pitfalls in that a given cate- 
gory may be too superficial to provide appropriate 
therapeutic guidance for all patients encompassed 
by that diagnosis. For example, a diagnosis of fever 
100 years ago comprised many different diseases 
which today can be subclassified and demand differ- 
ent therapies. Similarly, a diagnosis of anemia 
75 years ago was all that could be specified in pale 
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patients with too little blood. Today we know of dif- 
ferent types of hereditary and acquired anemia, of- 
ten requiring specific treatments. Blood transfusion 
would be an inappropriate therapy for all anemias, 
since iron deficiency anemias can be treated specifi- 
cally with iron, pernicious anemia with vitamin 
and hereditary spherocytosis with splenectomy. An- 
other example: although we treat hypertension today 
empirically with many different drugs, it is likely 
that better understanding of the heterogeneous 
mechanisms of hypertension will in future lead to a 
more specific treatment appropriate for certain sub- 
groups of patients. We know already that blacks 
with hypertension respond better to diuretics than 
to beta blockers (in contrast to whites), but we do 
not yet know the reason for this variable re- 
sponse. 

The medical geneticist always requires a highly 
specific diagnosis with special attention to heteroge- 
neity in order to give appropriate genetic advice re- 
garding recurrence risks and prenatal diagnosis 
(Sect.18.1; 18.2). Since diseases with similar manifes- 
tations may be attributable to different genetic me- 
chanisms or may not be genetic at all. 

In practice, diagnosis is often a stepwise process. 
First, a crude classification is made, for example, dia- 
betes. Then a variety of methods are used for a sub- 
classification, for example type I or type II diabetes. 
A number of questions are asked: at what age did 
the disease begin? How did it begin? Is the patient 
slim or obese? And so on. At the same time, the phy- 
sician attempts to determine whether one of the 
many rare diseases is present in which diabetes is 
only one clinical sign within a more complex syn- 
drome; diagnosis of such a syndrome might be im- 
portant for the therapeutic strategy. 

Information regarding the health status in family 
members is necessary for more precise classification. 
All these data are used to select an optimum course 
of action: precise diagnosis ^ prognosis ^ specific 
therapy prevention of complications and preven- 
tion in the family. 

Normal Variation and Disease. The distinction be- 
tween a disease and the upper limits of normal varia- 
tion is important. For example, hypertension is not a 
disease (although often considered as such), since it 
represents the designation for a certain percentage of 
the population whose blood pressure is higher than 
an arbitrary cutoff value. The risk of complications 
of hypertension increases with higher blood pressure 
levels, but there is no threshold value at which the 
risk disappears. The diagnosis of “hypertension” in 
a sense is inappropriate. Hypertension per se is a 
“risk factor” for coronary heart disease, stroke, and 
renal failure, rather than an illness. 



As we learn more about various genetic risk factors 
conferring susceptibility to certain diseases, similar 
problems arise. Many persons carry the HLA DR3 or 
DR4 determinant, but only a small percentage devel- 
op type I diabetes. The relative risk is about five 
times that of a person not carrying these HLA types. 
The absolute risk of HLA D3 and D4 carriers for de- 
veloping diabetes remains quite small. Homozygotes 
for the Pi Z phenotype often develop COPD, but not 
all gene carriers become ill. Such Pi Z homozygotes 
are not diseased, but may become so in the future. 
One of the goals of medical genetics is the elabora- 
tion of “marker profiles” to aid in identifying sub- 
groups at high risk of developing certain diseases - 
particularly if measures can be taken to prevent, de- 
fer, or ameliorate the deleterious effects of the genetic 
predisposition by environmental manipulation. This 
approach is particularly promising since the develop- 
ment of disease frequently requires interaction be- 
tween genetic susceptibilities and environmental fac- 
tors. Such preventive medicine of the future will be 
“tailor made” to the unique genotypes of an indivi- 
dual rather than directed at the entire population. 
Creating the scientific basis for recommending such 
rules will be the specific goal of ecogenetics, discus- 
sed in Sect. 7.5.2. The theory of disease develops into 
a theory of health preservation. Explaining some of 
the aspects hinted at in this section in greater detail 
is a major pupose of the chapters to follow - especial- 
ly our considerations on gene action (Chap. 7) and 
mutation (Chap. 9). 

6.4.2 Current Status of the Genetics 
of Common Diseases [ 97 , 99 ] 

Genetic diseases caused by chromosomal aberrations 
and by Mendelian mutations affecting single genes 
are relatively well understood. Their mechanisms 
can be approached by studies of individual gene ac- 
tion (see Chap. 7) or by considering how gross chro- 
mosomal defects cause developmental damage (see 
Chap. 2). Various data show that familial aggregation 
is frequent in many other diseases. Appropriate stu- 
dies (see Chap. 6) ideally need to be carried out to 
confirm that familial aggregation is caused by com- 
mon genes rather than by a common family environ- 
ment. 

A variety of experimental designs to discriminate be- 
tween the role of environment and heredity have 
been established. Such designs include study of iden- 
tical twins reared apart in different environments and 
the comparison of disease frequency in adopted chil- 
dren with that in their biological and adopted rela- 
tives (see Chap. 15). When identical twins even in dif- 
ferent environments show greater concordance than 
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DZ twins in similar environments, genetic rather 
than environmental factors are suggested. Similarly, 
when adopted children resemble their biological par- 
ents rather than their adoptive parents, genetic fac- 
tors appear certain. The frequency of a trait or dis- 
ease is also often studied in spouses who share the 
same environment in comparison with biological re- 
latives who share both heredity and environment. 
Absence of correlation between spouses after many 
years of living together when relatives have an in- 
creased disease frequency helps to argue for genetic 
factors. 

Based on various investigations of this type it has 
been concluded that genetic factors are operative in 
the following groups of diseases: 

a) Common birth defects (i.e., neural tube defects, 
cleft lip and palate, club foot, congenital heart dis- 
ease, and others) 

b) Common psychoses (schizophrenia and affective 
disorders) 

c) Common diseases of middle life (diabetes, hyper- 
tension, coronary heart disease) 

Family studies carried out in these diseases, with rare 
exceptions, were unable to demonstrate Mendelian 
inheritance. Based on models of polygenic gene ac- 
tion it has been inferred that many unspecified genes 
acting together with environmental factors are opera- 
tive in the etiology of these disorders. The biological 
action of the involved genes remains largely un- 
known and is considered a “black box.” It is often as- 
sumed that the number of operative genes is relative- 
ly large, and that the contribution of each of the pos- 
tulated individual genes to the pathogenesis of the 
disease is relatively small. When the disease occurs 
as a qualitative phenomenon with dichotomized clas- 
ses of “healthy” and “ill,” such as in congenital mal- 
formations, a threshold is assumed (Sect. 6.1.2). 

Our concept of multifactorial inheritance is summar- 
ized in Fig. 6.33. We would like to emphasize the po- 
tential role of one or a few major genes in many sup- 
posedly multifactorial traits. A relatively small num- 
ber of potentially identifiable major genes may con- 
tribute to the genetic etiology and explain most of 
the genetic variation. Such genes do not act in a va- 
cuum. The ensemble of all other genes against which 



such major genes act constitute the “genetic back- 
ground.” It is well known that the genetic back- 
ground may modify and influence expression of ma- 
jor genes (Sect. 4.1.7). 

Particularly in birth defects one finds that a role is 
played by random factors [161] that are not deter- 
mined by either genetic or environmental agents but 
act stochastically. One can visualize how some cardi- 
ac defects may occur because the complex dynamic 
sequence of twisting and turning to form the normal 
heart may fail to synchronize by chance only. 

Further research on the genetics of common diseases 
is most likely to be fruitful by attention to the action 
of individual genes to be studied by combined genet- 
ic, biochemical, immunological, clinical, and statisti- 
cal methods. Biometric approaches alone are unlikely 
to provide new insights. 

6 . 4 . 2. 7 Biological and Pathophysiological Approaches 
to the Genetic Etiology of Common Diseases 

Heterogeneity Analysis: Differentiation of Monogenic 
Subtypes from the Common Varieties. Often rare sub- 
varieties of clear Mendelian inheritance such as X- 
linked hypoxanthine phosphoribosyl transferase defi- 
ciency in gout [74, 130] and familial hypercholestero- 
lemia in coronary heart disease [57] need to be differ- 
entiated from the multifactorial common diseases by 
appropriate clinical, laboratory, and genetic methods. 
Similar considerations apply to most other common 
diseases. 

Clinical Population Genetics. Clinical, laboratory, and 
family studies of unselected cases of heterogeneous 
disease groupings such as mental retardation [111], 
deafness, blindness, and coronary heart disease [52] 
can distinguish familial from sporadic cases. Appro- 
priate statistical and biochemical analyses of the 
sporadic cases can establish a certain number as 
being caused by monogenic and mostly autosomal- 
recessive inheritance. Family study may establish ge- 
netic heterogeneity as manifested by different modes 
of monogenic inheritance in some cases and multi- 
factorial transmission in others. Linkage studies may 
help to identify major genes. 



Fig. 6.33. Conceptual model for causation of 
multifactorial disease. In contrast to conventional 
models, the importance of major genes is em- 
phasized 
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Polymorphism and Disease. Some of the extensive 
polymorphisms of human genes may represent part 
of the genetic basis for differential susceptibility to 
common diseases. Associations of HLA and disease 
are often of particular interest and may be related to 
differential responses to autogenous antigens. Var- 
ious disease associations with ABO types are less 
clear from a pathophysiological viewpoint [154]- In 
general the approach of relating polymorphic marker 
genes is most successful when markers that are pa- 
thophysiologically related to the disease can be stud- 
ied. Random genetic markers investigated in random 
diseases are less likely to produce meaningful data. 

Heterozygotes for Rare Diseases May Be More Suscep- 
tible to a Functionally Related Common Disease. 
Even with rare autosomal-recessive disease there are 
many heterozygotes in the population (Table 4.6). 
Such heterozygotes may be at higher risk for com- 
mon diseases that are pathophysiologically related to 
the enzyme defect [155]. For example, heterozygotes 
for the rare autosomal-recessive methemoglobinemia 
do not develop methemoglobinemia unless they in- 
gest methemoglobin-forming drugs. Normal homo- 
zygotes have sufficient methemoglobin reductase to 
reduce the methemoglobin formed by the drug while 
heterozygotes have sufficient amounts (50% of nor- 
mal) under usual conditions but not enough when 
methemoglobin formation is excessive following 
drug administration. 

Other examples are discussed in Sect. 7.5.1. 

6 . 4 . 2.2 Genetics of Coronary Heart Disease 

[ 92 , 100 , 119 , 135 ] 

The prevalence of coronary heart disease varies wide- 
ly throughout the world. In general the highest fre- 
quency is found in western countries and in subpo- 
pulations leading western life-styles; the frequency 
in developing populations is usually quite low. Tem- 
poral trends in the United States show the strong ef- 
fects of environmental factors; there was increasing 
mortality of coronary heart disease in midcentury 
and significant lowering of the coronary death rate 
since that time [87]. The important role of environ- 
ment is also shown by the increasing rate of coronary 
heart disease when migrants from low-frequency 
countries (e.g., Japan) move to high-frequency areas 
(e.g., United States) [70]. 

Genetically oriented studies of coronary artery dis- 
ease and atherosclerosis in general aim to (a) detect 
genetic differences between individuals which predis- 
pose to atherosclerosis; (b) differentiate genetic from 
environmental determinants; (c) understand the pa- 
thophysiology of the condition; and (d) identify sub- 



populations at risk for preventive measures. With 
the development of appropriate genetic and other 
“markers” an increasing number of persons can be 
identified whose genetically determined constitution 
makes them more susceptible to certain environmen- 
tal factors (including diet) that cause coronary ather- 
osclerosis. Twin studies have shown a significantly 
higher frequency of coronary heart disease among 
MZ twins than among DZ twins. However, such stu- 
dies are difficult in view of problems with diagnostic 
endpoints. An ideal twin study for coronary heart 
disease would require angiography (or a noninvasive 
technique outlining coronary vessels) that delineates 
the extent of coronary atherosclerosis. 

There is general agreement about familial aggrega- 
tion of coronary atherosclerosis. The frequency of 
coronary heart disease is about two to six times high- 
er in patients’ families than in control families (for 
references see [8, 123, 141]). The following facts re- 
garding familial aggregation are noteworthy: 

1. Familial aggregation increases with decreasing age 
of affected patients, i.e., in premature coronary 
heart disease. Genetic factors are less important in 
coronary heart disease of older patients. 

2. While women have a lower frequency of coronary 
heart disease than men, affected women have a 
stronger familial aggregation than men. The less 
frequently affected sex has a higher extent of genet- 
ic “loading” (Sect.6.1.2.3). 

3. A family history of premature coronary heart dis- 
ease (<55 years) emerges as the strongest risk fac- 
tor for coronary heart disease and appears to be 
stronger than all other risk factors (see below 

[109]). 

4. Hyperlipidemia, hypertension, and diabetes repre- 
sent risk factors for coronary heart disease that 
have strong genetic determinants. However, var- 
ious studies suggest that familial aggregation may 
not be entirely accounted for by these three well- 
known genetic risk factors [109]. Additional famil- 
ial factors appear to contribute to familial aggrega- 
tion. 

5. Familial aggregation does not necessarily mean ge- 
netic determination. Families share similar envi- 
ronments that may include agents causing a higher 
frequency of coronary heart disease in family 
members. There is even evidence of assortative 
mating for coronary risk factors. Spouses’ families 
show the same extent of familial aggregation of 
coronary heart disease as the families of their af- 
fected husbands. Spouses of affected patients also 
have a higher frequency of coronary heart disease 
than the control population [146]. Assortative mat- 
ing presumably occurs for social class, life-style, 
smoking, and dietary habits. A significant compo- 
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nent of familial aggregation is therefore mediated 
by environmental factors shared by families. Fur- 
thermore, there are likely to be complex genetic- 
environmental interaction such that individuals 
with different genotypes react differently to var- 
ious environmental influences such as diet. 

6. A family history of premature coronary heart dis- 
ease regardless of the nature of the various genetic 
and environmental factors serves to identify high- 
risk individuals and families. 

Risk Factors. Extensive epidemiological work has 
been carried out to identify a variety of risk factors 
for coronary atherosclerosis. Advancing age, male 
sex, hypertension, hypercholesterolemia, low levels 
of high-density lipoprotein (HDL), and diabetes car- 
ry a particularly strong risk. 

Other risk factors that have been implicated include 
hypertriglyceridemia, high levels of apolipoprotein B 
and lipoprotein (a), low levels of HDL and apoli- 
poprotein (apo) Aj, sedentary life, and obesity. In- 
born variation in thickness of the vascular intima 
and of musculoelastic layers has also been suggest- 
ed. 

These findings are compatible with a multifactorial 
etiology of coronary heart disease. Genetic factors 
can be elucidated by studying the extent of genetic 
contribution to the various risk factors. 

Hyperlipidemias. Current data suggest that hypercho- 
lesterolemia and low HDL levels are strong risk fac- 
tors [67] (Table 6.26). Hypertriglyceridemia may be 
a mild risk factor but is not generally accepted as an 
independent risk factor [100]. Among the inherited 



hyperlipidemias several conditions need to be differ- 
entiated. 

Familial Hypercholesterolemia [45, 51, 100]. The 
best understood condition is autosomal-dominant fa- 
milial hypercholesterolemia (Sect. 7.6.4), with a het- 
erozygote frequency of about 1/500 in the United 
States. Heterozygotes have elevated levels of choles- 
terol and low-density lipoprotein (LDL) cholesterol, 
often in the upper 5% and usually in the upper 1% 
of the population range. Fifty percent of affected 
males have some manifestation of coronary heart dis- 
ease by the age of 50. Tendon xanthomas and early 
corneal arcus may occur. Clinical manifestation in fe- 
males occurs 10-15 years later. Other risk factors, 
such as hypertension, cigarette smoking, and low 
HDL levels, interact with the gene for familial hy- 
percholesterolemia in hastening the onset of athero- 
sclerotic symptoms. The homozygote state is ex- 
tremely rare (1 in one million), and coronary heart 
disease occurs in adolescence or even earlier. Familial 
hypercholesterolemia occurs in many countries and 
populations. Laboratory detection is difficult since 
there is no generally available laboratory test for un- 
equivocal diagnosis of the characteristic LDL recep- 
tor defect. Tests for LDL receptor function can be 
performed only on a research basis (Sect. 7.6.4). Mo- 
lecular diagnosis is possible once the specific LDL re- 
ceptor defect is known, but the existence of several 
dozen different LDL receptor mutations [63] makes 
screening impractical. 

Familial hypercholesterolemia needs to be distin- 
guished by clinical, laboratory, and genetic criteria 
from various hypercholesterolemias caused by other 



Table 6.26. Common hyperlipidemias associated with coronary heart disease 



Name 


Prevalence 


Physiological 

abnormality 


Defect 


Genetics 


Frequency in un selected 
myocardiai infarct survivors 

<60 years Average age" 


Familial hyper- 
cholesterolemia 


1/500 


Diminished 
LDL breakdown 


Abnormal 
LDL receptor 


Autosomal 

dominant 


3%- 6% 


46 years 


Polygenic hyper- 
cholesterolemia 


5% 


Several 




“Polygenic" 


Increased 


58 years 


Familial combined 
hyperlipidemia 


0.3-1% 


Increased apo 
B synthesis 


Unknown; 

heterogeneous 


Autosomal 

dominant*' 


ll%- 20 % 


52 years 


Familial hyper- 
triglyceridemia 


1% 


Increased VLDL 
synthesis 


Unknown 


Autosomal 

dominant*' 


4%- 5% 


57 years 


Type III hyper- 
lipidemia (remnant 
removal disease) 


I/IOOOO 


Diminished 

remnant 

catabolism 


Abnormal apo 
E binding and 
additional factors 


Homoiygote 
for apo Et 


l%- 2% 


50s 



^ Average age of male patients with myocardial infarct. 
May be multifactorial in some families. 
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acquired and genetic entities. Only about 1 in 25 per- 
sons with a cholesterol level in the upper 5 percentile 
carries the gene for familial hypercholesterolemia. 
About 3%-8% of unselected male patients aged 
60 years or below with myocardial infarct are hetero- 
zygous for familial hypercholesterolemia (Table 6.26). 
With decreasing age at the first myocardial infarction 
the frequency of this conditions increases. The linked 
restriction enzyme fragment length polymorphism at 
the LDL locus can be used for preclinical diagnosis in 
informative families where the phenotypic diagnosis 
of cholesterol elevation is not quite clear, but where 
at least one definitely diagnosed patient is available. 

Familial Combined Hyperlipidemia. Studies of pa- 
tients with hyperlipidemia have produced the defini- 
tion of a familial disorder characterized by elevation 
of both cholesterol and triglyceride (type II b), of 
cholesterol alone (type II), or of triglyceride alone 
(type IV). This disorder has also been termed “multi- 
ple lipoprotein type hyperlipidemia” or familial com- 
bined hyperlipidemia and is probably common in the 
general population (1/100-1/300) [12]. The transmis- 
sion pattern in families often suggests an autosomal- 
dominant mode of inheritance. Formal complex seg- 
regation analysis of families in Seattle, Washington, 
could not detect a single gene [168]; however, a simi- 
lar method suggested a single gene in the original 
Seattle families as well as in 55 British Families [27]. 
Full penetrance is not reached until the late 20 s. 
The diagnosis of this condition cannot be made in a 
single individual although mixed hyperlipidemia 
(i.e., elevation of both cholesterol and triglyceride 
levels) suggests its presence. Detection therefore re- 
quires extensive family studies. Several large pedi- 
grees with the disorder have been documented. The 
condition is seen in approximately 10 % of unselected 
myocardial infarct survivors under the age of 
60 years. Among probands with familial combined 
hyperlipidemia without myocardial infarction the fa- 
milial aggregation of premature coronary heart dis- 
ease is striking [16]. It has been suggested that apo B 
elevation may be a better marker than other lipid 
parameters and will allow more ready detection of fa- 
milial combined hyperlipidemia [62]. 

However, an elevated apo B level is not specific or pa- 
thognomic for familial combined hyperlipidemia. 
Linkage studies so far have failed to localize the gene 
or genes for this condition. However, a localization at 
the apo Aj-CIII locus has been suggested in a subset 
of families with familial combined hyperlipidemia 

[171]. 

Familial Hypertriglyceridemia. A common autosom- 
al-dominant condition associated with segregation of 
high triglyceride levels alone has been postulated. 



Children may not present with this entity. Research 
into hyperglyceridemia is rendered difficult by the 
considerable lability of triglyceride levels, which are 
influenced by a variety of dietary and other factors 
including alcohol. Isolated hypertriglyceridemia of 
any sort as a risk factor for coronary heart disease 
has been questioned. No basic defect for the claimed 
autosomal-dominant variety of hypertriglyceridemia 
has been demonstrated, but increased very low densi- 
ty lipoprotein (VLDL) triglyceride synthesis has been 
suggested. 

Broad Beta Disease of Type III Hyperlipoproteinemia 
(Remnant Removal Disease). Type III or dysbetalip- 
oproteinemia occurs only in homozygotes for an 
apo E variant (E^-E^) that is found in about 1 % of 
European populations. However, additional lipid- 
raising factors, such as familial combined hyperlipi- 
demia and various secondary forms of hyperlipopro- 
teinemia, are required to produce this disease. This 
disorder therefore is the result of the interaction of 
two genetic disorders or of a genetic and an acquired 
disease. While the frequency of the underlying poly- 
morphism is high (1%), the actual condition is rare 
(1/10000). 

High-Density Lipoprotein. Most studies have shown 
that low HDL levels predispose to coronary artery 
disease in populations that eat high-fat diets, such as 
in the United States. The higher HDL levels in women 
(compared with men) may account for their delayed 
onset of coronary artery disease. The role of HDL in 
preventing coronary artery disease has been attribut- 
ed to its function of removing cholesterol from ather- 
osclerotic plaques. HDL levels tend to be inversely 
correlated with triglyceride levels. Since apo A^ is a 
constituent of HDL, its levels are affected by the 
apo Aj concentration. Common genetic variants of 
apo Aj have not yet been detected. Nevertheless, 
family and twin studies (but not spouse-pair compa- 
risons) show correlations in HDL level with a calcu- 
lated heritability level of about 40% [13]. 

6.4.2.S Lipid-Related Polymorphisms 

Apolipoprotein E Polymorphism. A common poly- 
morphism of apo E exists and can easily be detected 
by molecular techniques. Table 6.27 shows the amino 
acid sequence difference between the three apo E 
types and their population frequencies in the white 
population. The apo E^ allele reduces cholesterol, 
LDL cholesterol, and apo B levels while the apo E^ al- 
lele raises these levels as compared with the common 
standard type apo E3. The population frequency of 
the resultant genotypes in a North American white 
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Table 6 . 27 . Apo E polymorphisms (from Motulsky and Brun- 
zell 1992 [ 100 ]) 



Allele 


Gene 

product 


Com- 

position 


Typical 

frequency 


Average allelic 
effect on total 
cholesterol 
(mg/dl) 


e2 


E2 


pos. 112 x 75 
pos. ISBxys 


0.109 


-14 


£3 


E3 


pos. 223xys 
pos. 158:arg 


0,760 


-0.16 


£4 


E4 


pos. 1 12:arg 
pos. 158;arg 


0.131 


+7 



population is shown on Table 6.28. The differences in 
cholesterol levels between the relatively rare homozy- 
gotes for and E^E^ is considerable: about 70 mg/ 
dl. Clearly detectable increases in coronary heart dis- 
ease ascribable to this polymorphism would be de- 
tectable only among the rare (less than 1%) E^-E^ 
homozygotes. 

It is of great interest that a significantly greater fre- 
quency of E^ has been detected fortuitously in 
many studies of European and Japanese patients 
with Alzheimer’s disease, particularly of the late-on- 
set familial variety. The relative risk of Alzheimer’s 
disease for heterozygotes carrying the E^ gene is 
three to four times that of the control population 
while that for the rarer E^E^ homozygotes is higher 
still. The mechanisms remain under study. While 
the E4 polymorphism is useful for our understand- 
ing of Alzheimer’s disease, it should not be used 
for predictive identification of high risk since many 
patients with E^ will not develop Alzheimer’s dis- 
ease, and, conversely, a large number of patients 
who have Alzheimer’s disease do not have the E^ 
type. 

Lipoprotein (a) Polymorphism. Lp(a) is a unique gly- 
coprotein attached to apo B. The gene and its pro- 
tein sequence are highly homologous to plasmino- 
gen on chromosome 6 where both genes have been 
mapped. LP(a) levels are strongly associated with 
coronary artery disease. Lp(a) is deposited in coron- 
ary arteries where it may promote thrombosis by in- 
terfering with fibrinolysis or thrombogenesis or 
both. In one study, about 30 % of patients with pre- 
mature heart coronary artery disease had levels 
above the 95 th percentile of the normal population. 
In men younger than 60 years the excess or attribut- 
able risk of an Lp(a) level in the upper quartile was 
28% as compared to 13% in those aged between 
60-70 years [100]. The Lp(a)-related risk appears to 
be independent of the risk for cholesterol, HDL, 



Table 6 . 28 . Effect of apo E genotypes on plasma cholesterol 
levels in Minnesota (from Motulsky and Brunzell 1992 [ 100 ]) 



Genotype 


Population 

frequency 

(%) 


Average cholesterol 
levels (mg/dl) in 
normocholesterolemic 
men 


£2 £l 


0.46 


133 


el £4 


3,15 


183 


e 3 e3 


59.5 


192 


£3 el 


12.7 


182 


e3 £4 


23.9 


193 


e4 £4 


0.9 


207 


All genotypes 


100.0 


191 



apolipoproteins 1 and 2 and triglyceride levels but 
is probably additive to other lipid-related risks. A 
significant proportion of the familial aggregation of 
coronary artery disease in the absence of monogenic 
hyperlipidemia has been related to increased Lp(a) 
levels [34]. 

There is marked genetic heterogeneity at the Lp(a) 
locus, with more than 20 common alleles [72, 80], 
and therefore most persons are compound heterozy- 
gotes. Each allele determines a specific number of 
multiple tandem repeats of a unique coding sequence 
that determines the so-called kringle-4 protein struc- 
ture. (A “kringle” is the shape of a Danish roll.) The 
size of the Lp(a) protein is inversely related to Lp(a) 
levels, but not all variations in level are related to 
the kringle polymorphism. The Lp(a) levels in the 
population differ looo-fold. Because of its resem- 
blance to plasminogen, elevated Lp(a) levels may be 
a link between atherogenesis and thrombosis. 

6 . 4 . 2.4 Associations of Coronary Heart Disease 
with Genetic Markers [8, 10, 96, 101, 134] 

Protein Markers. Genetic polymorphisms that are 
biochemically and pathophysiologically related to a 
disease may represent the “genetic background” 
which makes certain individuals more likely to be af- 
fected. An analysis of such polymorphisms may as- 
semble a group of markers that in the aggregate con- 
tribute significantly to disease susceptibility. A vari- 
ety of “blind” markers were first studied in coronary 
atherosclerosis simply because they were available. 
Most of them contribute only little to the total etiolo- 
gy. Individuals with blood group A of the ABO system 
have a higher chance of thrombotic coronary heart 
disease and have a higher cholesterol level as well. 
Minor effects that raise cholesterol levels are also ex- 
erted by the nonsecretor gene, the haptoglobin^ 
genes, and the Gm^ genes. 
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DNA Markers in Population Association Studies. The 
association of various hyperlipidemias with abnor- 
malities of apolipoproteins and their receptors has 
led to searches for an altered frequency of one or an- 
other DNA variant of lipid-related genes in patients 
with hyperlipidemia or coronary heart disease. Since 
such population association studies can be executed 
more readily than family studies, much work has 
been carried out with this approach. 

The rationale is to identify mutations of an apo gene 
that predispose to hyperlipidemia and coronary heart 
disease by demonstrating an altered frequency of a 
closely linked DNA variant (such as restriction frag- 
ment length polymorphism, variable-number tandem 
repeat, or a DNA haplotype) that is cosegregating 
with the lipid mutation predisposing to coronary 
heart disease. It is assumed that a yet undefined mu- 
tation of an apo gene occurred and then expanded 
in frequency over the generations with cosegregation 
of a closely linked DNA marker. The method there- 
fore requires strong linkage disequilibrium 
(Sect. 5.2.4) between the original mutation and the 
marker and, most importantly, identity of the muta- 
tion in various patients who share the ancestral mu- 
tation. Coronary artery disease, with its heteroge- 
neous genetic etiology as a diagnostic endpoint, is 
less probable to give meaningful results in such stu- 
dies than a specific category of hyperlipidemia, which 
is more likely to be mutationally homogeneous. Close 
ethnic matching is essential, since different popula- 
tions (even among whites) have different DNA mark- 
er frequencies which may cause spurious results in 
comparisons between patients and controls of some- 
what different ethnic origin. Furthermore, test results 
are usually compared on relatively small samples, and 
even then a statistically “significant” result may have 
no biological significance unless appropriate correc- 
tions are made for the number of tests carried out 
and, ideally, after the observations have been replicat- 
ed in a second sample. Various investigations with 
such DNA marker studies have been summarized 
[60, 65], but most results have proven to be spu- 
rious when further studies were performed. This ap- 
proach has therefore been less useful than linkage 
and segregation studies in searching for the critical 
mutations predisposing to coronary heart disease. A 
few associations, however, have been confirmed such 
as higher levels of cholesterol, LDL cholesterol, and 
apo B associated with the common variant of an 
apo B Xbai polymorphism that does not alter the 
amino acid sequence of apo B [9, 31]. The underly- 
ing mutation presumably affects regulation of the 
apo B gene, but it has not been identified. However, 
the effects of this polymorphism are relatively small: 
an increase of about 3 mg/dl cholesterol for the 
apo B enhancing allele and a decrease of 3 mg/dl for 



the apo B diminishing variant. The difference be- 
tween the respective homozygotes, however, is about 
19 mg/dl. 

Homocysteine and Arterosclerosis [12 a, 99 a]. Elevat- 
ed homocysteine levels are frequently observed in 
patients with arteriosclerotic vascular disease affect- 
ing the coronary, cerebrovascular and peripheral 
circulation. Homocysteine is a graded risk factor 
for coronary artery disease independent of lipid 
and other risk factors. About 10 % of coronary mor- 
tality may be attributed to elevated homocysteine 
levels. High homocysteine levels can be diminished 
by increased folic acid intake, suggesting a therapy 
to reduce the frequency of vascular disease. A very 
common polymorphism of the enzyme methylene 
tetrahydrofolate reductase (MTHF) is seen in 5- 
15% of the population in the homozygote state, and 
is associated with increased homocysteine levels un- 
der conditions of suboptimal folic acid nutrition. 
Folic acid will also reduce the increased homocys- 
teine levels in such persons. The MTHF variant is 
observed at significantly higher frequencies in pa- 
tients with premature vascular disease, including 
those with coronary artery disease, and can be 
readily detected by molecular techniques. The 
MTHF polymorphism is an example of a common 
genetic variant interacting with a nutritional factor, 
i. e., folic acid, in the complex pathogenesis of arter- 
iosclerosis. 

Other Genetic Factors. The familial aggregation of 
coronary heart disease in the absence of lipid eleva- 
tion suggests the operation of other genetic and en- 
vironmental factors that do not affect lipids. Much 
work still needs to be done here. The response of 
blood vessels to atherogenic stimuli and the elucida- 
tion of the genes involved in hypertension, which is 
a risk factor for coronary heart disease, are only a 
few of the possible areas of future research. 

Implications. Can premature coronary heart disease 
be prevented? The declining frequency in mortality 
from these diseases in the past 25 years in the United 
States suggests that various environmental changes 
can affect these conditions. A high priority must 
therefore be assigned to the identification of high- 
risk groups. 

Hypertension is a strong risk factor for both coro- 
nary and cerebrovascular disease. The condition can 
be readily identified, and population screening is 
clearly justifiable. Since hypertension is familial, 
identification of a hypertensive person should lead 
to blood pressure screening of first-degree family 
members, and initiation of antihypertensive treat- 
ment, if required. 
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Population screening for hyperlipidemias raises lo- 
gistical and operational problems but has gained in- 
creasing acceptance in many quarters. Large-scale 
testing for cholesterol has been recommended. Cho- 
lesterol levels can be reduced by diet and in more se- 
vere hypercholesterolemia by a variety of lipid-lower- 
ing drugs. Since elevated cholesterol levels are corre- 
lated with mortality from coronary artery disease, 
and cholesterol reduction decreases the frequency of 
myocardial infarcts, cholesterol testing followed by 
appropriate diets and/or drug treatment has been ad- 
vocated. There is increasing evidence that drug ther- 
apy can retard the progression of arteriosclerotic le- 
sions (assessed by angiography) as well as reduce 
mortality. However, for every coronary artery event 
that is prevented, many individuals must be treated. 
The fact that most coronary artery disease occurs at 
a rather modest level of cholesterol elevation is an- 
other argument advanced by critics of population 
screening. They feel that a healthy prudent diet and 
healthy living be followed by everyone in the popula- 
tion. Such an approach, together with the mass media 
advocating the cessation of smoking, exercise, and 
blood pressure monitoring, has been validated in 
North Karelia, Finland [118], and in the Stanford, Ca- 
lifornia, area. It is difficult, however, to maintain mo- 
mentum for long periods. Furthermore, as compli- 
ance with these measures does not prevent coronary 
artery disease in those at highest risk, a good argu- 
ment can be made to implement both the population 
approach and a scheme in which those at highest 
risk are identified by screening. No comprehensive 
test battery to predict coronary artery disease has 
yet been validated for disease prediction beyound 
the recommendations of testing for cholesterol 
(LDL) and HDL and possibly for Lp(a). 

Targeted screening of individuals with a family his- 
tory of coronary heart disease is a possibility. For in- 
stance, school children could be given questionnaires 
asking their parents about familial coronary heart 
diseases with the aim of identifying high-risk famil- 
ies for appropriate intervention. The logistical prob- 
lems would be surmountable, but this approach 
would raise problems of confidentiality and priv- 
acy. 

Triggered screening following a clinical diagnosis of 
premature coronary heart disease is already feasible 
and strongly recommended. Following such a diag- 
nosis family members would be studied for lipids 
and hypertension, and those found to be affected 
could be treated. This mode of ascertainment is “ret- 
rospective,” but it can be instituted relatively simply 
by physician education. Since many patients are 
seen in hospitals, hospital medical staff should be 
sensitized to the desirability of initiating such proce- 
dures. 



Although many hyperlipidemias are influenced by ge- 
netic factors and may sometimes be entirely geneti- 
cally determined, attempts to define the specific ge- 
netic background of the hyperlipidemias by family 
studies are rarely pursued since effective antihyper- 
lipidemic treatment can be carried out successfully 
without knowing the specific genetics of a given hy- 
perlipidemia. 

Considerably more investigative work on the complex 
genetic basis of hyperlipidemia needs to be carried 
out [134]. This work is likely to lead to better under- 
standing of the underlying pathophysiology and to 
identification of those at highest risk. We already 
know more about genetic risk factors in coronary ar- 
tery disease than in any other common, genetically 
influenced disease. Nevertheless, gene-gene interac- 
tion between the various lipid risk factors is likely 
and needs to be clarified. Similarly, gene-environ- 
mental interaction probably also occurs, with the re- 
sult that different individuals react in variable ways 
to the same environmental or dietary factors. We al- 
ready know of genetic strains of animals that absorb 
cholesterol variably, and it is therefore likely that in- 
dividuals also do not respond equally to high fat 
diets. 

Furthermore, variable responses to antihyperlipi- 
demic agents may occur due to different pathophy- 
siology of the underlying lipid disorder and to possi- 
ble differences in drug metabolism. No comprehen- 
sive test battery to predict coronary artery disease 
has yet been validated for disease prediction beyond 
the recommendations of testing for cholesterol 
(LDL) and HDL and possibly for Lp(a). 

Conclusions 

Genetic analysis may be performed at various levels. 
An increasing number of genes can now be identified 
at the gene-DNA level, allowing definitive inference 
regarding the corresponding gene product at the bio- 
chemical level through knowledge of the genetic 
code. In earlier times biochemical analysis preceded 
DNA studies. However, when DNA analysis is not yet 
possible, analysis at the qualitative phenotypic level 
often makes it possible to identify single-gene or 
monogenic inheritance. Analysis at the quantitative 
phenotypic-biometric level by calculating correla- 
tions between relatives and similar methods to pro- 
vide heritability estimates may suggest genetic influ- 
ences for a given trait, but heritability estimates pro- 
vide no information regarding the number or nature 
of the genes involved. Developing a genetic model of 
multifactorial inheritance in association with a 
threshold was the first step in explaining the genetic 
basis of some common diseases with complex etiolo- 
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gy. Analysis of the specific individual genes involved 
and their interaction with environmental factors is 
the next step in understanding the genetic basis of 
complex disease. Comparison of concordance rates 
in monozygotic and dizygotic twins permits inferen- 
ces regarding genetic influences on disease suscept- 
ibility. Well-controlled studies of associations with 
genetic traits such a ABO blood groups, HLA types, 
and DNA variants occasionally provide clues toward 
a better understanding of pathogenetic mechanisms. 
Genetic and environmental analysis of susceptibility 
to coronary heart disease offers a good example of 
ongoing genetic analysis at various levels. 



References 

1. Aird I, Bentall HH, Roberts JAF (1953) A relationship be- 
tween cancer of stomach and the ABO groups. BMJ 
1 : 799-801 

2. Albert E (1991) Immunogenetik. In: Lehrbuch der Im- 
munologie. Thieme, Stuttgart 

3. Amiel JL (1967) Study of the leucocyte phenotypes in 
Hodgkins’s disease. In: Curtoni ES, Mattuiz PC, Tosi 
RM (eds) Histocompatibility testing 1967. Munksgaard, 
Copenhagen, pp 79-81 

4. Anokhin A, Steinlein O, Fischer C et al (1992) A genetic 
study of the human low-voltage electroencephalogram. 
Hum Genet 90 : 99-112 

4 a. Baraitser M (1982) The genetics of neurological disor- 
ders. Oxford University Press, Oxford 

5. Becker PE (ed) (1964-1976) Humangenetik, ein kurzes 
Handbuch in fiinf Banden. Thieme, Stuttgart 

6. Bell JI, Todd JA, McDevitt HO (1989) The molecular ba- 
sis of HLA-disease association. Adv Hum Genet 18 : 1-41 

7. Benirschke K, Kim CK (1973) Multiple pregnancy. N Engl 
J Med 288 : 1276-1284, 1329-1336 

8. Berg K (1983) Genetics of coronary heart disease. Prog 
Med Genet [New Ser] 5 : 35-90 

9. Berg K (1986) DNA polymorphism at the apolipoprotein 
level. Clin Genet 301 : 515-520 

10. Berg K (1991) Atherosclerosis and coronary artery dis- 
ease. In: Nora }J, Berg K, Nora AH (eds) Cardivascular 
diseases: genetics epidemiology and prevention. Oxford 
University Press, New York, pp 3-40 

11. Bieber FR, Nance WE, Morton CC, Brown }A, Redwine 
FO, Jordan RL, Mohanakumar T (1981) Genetic studies 
of an acardiac monster: evidence of polar body twinning 
in man. Science 213 : 775-777 

12. Boman H, Ott J, Hazzard WR, Albers JJ, Cooper MN, 
Motulsky AG (1978) Familial hyperlipidemia in 95 ran- 
domly ascertained hyperlipidemic men. Clin Genet 
13 : 108 

12 a. Boushey CJ, Beresford SAA, Omenn GS, Motulsky AG 
(1995) A quantitative assessment of plasma homocys- 
teine as a risk factor for vascular diseases, probable ben- 
efits of increasing folic acid intakes. JAMA 274 : 1049- 

1957 

13. Breslow JL (1989) Familial disorders of high density lipo- 
protein metabolism. In: Scriver CR, Beaudet AL, Sly WS, 



Valle D (eds) The metabolic basis of inherited disease, 
6 th edn. McGraw-Hill, New York, pp 1251-1266 

14. Bronnestam R (1973) Studies on the C3 phenotype and 
rheumatoid arthritis. Hum Hered 23 : 206-213 

15. Brown MS, Goldstein JL (1979) Abetalipoproteinemia. In: 
Goodman RM, Motulsky AG (eds) Genetic diseases 
among Ashkenazi Jews. Raven, New York 

16. Brunzell JD, Schrott HG, Motulsky AG, Bierman EL 
(1976) Myocardial infarction in the familial forms of hy- 
pertriglyceridemia. Metabolism 25 : 313-320 

17. Bulmer MG (1970) The biology of twinning in man. Clar- 
endon, Oxford 

18. Bunge M (1967) Scientific research, vols 1, 2. Springer, 
Berlin Heidelberg New York 

19. Carney G, Seedburgh D, Thompson B, Campbell DM, 
MacGillivray I, Timlin D (1979) Maternal height and 
twinning. Ann Hum Genet 43 : 55-59 

20. Carter CO (1961) The inheritance of congenital pyloric 
stenosis. Br Med Bull 17 : 251-254 

21. Cavalli-Sforza LL, Bodmer WF (1971) The genetics of hu- 
man populations. Freeman, San Francisco 

22. Chakravartti MR, Vogel F (1973) A twin study on leprosy. 
Thieme, Stuttgart (Topics in human genetics, vol 1) 

23. Childs B, Moxon ER, Winkelstein JA (1992) Genetics and 
infectious diseases. In: King RA, Rotter JI, Motulsky AG 
(eds) The genetic basis of common diseases. Oxford Uni- 
versity Press, New York, pp 71-91 

24. Christian JC (1978) The use of twin registers in the study 
of birth defects. Birth Defects 14 : 167-178 

63. Cooper DN, Krawczak M (1993) Human gene mutation. 
Bioscience Scientific, Oxford 

26. Cudworth AG, Wolf E (1982) The genetic susceptibility to 
type I (insulin-dependent) diabetes mellitus. Clin Endo- 
crinol Metab 11 : 389-408 

27. Cullen P, Farren B, Scott J, Farrall M (1994) Complex seg- 
regation analysis provides evidence for a major gene act- 
ing on serum triglyceride levels in 55 British families 
with familial combined hyperlipidemia. Arteriosclerosis 
Thromb 14 : 1233-1249 

28. Czeizel A, Tusnady G, Vacz6 G, Vizkelety T (1975) The 
mechanism of genetic predisposition in congenital dislo- 
cation of the hip. J Med Genet 12 : 121-124 

30. De Vries RRP, van Rood JJ (1992) Immunogenetics and 
disease. In: King RA, Rotter JI, Motulsky AG (eds) The 
genetic basis of common disease. Oxford University 
Press, New York, pp 92-104 

31. Deeb SS, Failor RA, Brown BG, Brunzell JD, Albers JJ, 
Wjsman E, Motulsky AG (1992) Association of apolipo- 
protein B gene variants with plasma apoB and LDL cho- 
lesterol levels. Hum Genet 88 : 463 

32. Dejuan D, Martin-Villa JM, Gomez-Reino JJ et al (1993) 
Differential contribution of C4 and HLA-DQ genes to 
systemic lupus erythematosus susceptibility. Hum Genet 

33. Dunsford I, Bowley CC, Hutchinson AM, Thompson JS, 
Sanger R, Race RR (1953) A human blood-group chi- 
mera. BMJ 2 : 81 

34. Durrington PN, Hunt L, Ishola M et al (1988) Apolipo- 
proteins (a), Al, and B and parental history in men 
with early onset ischaemic heart disease. Lancet 
1 : 1070-1073 

35. Edwards JH (1965) The meaning of the associations be- 
tween blood groups and disease. Am J Hum Genet 
29:77 



References 253 



36. Epstein CL (1986) The consequences of chromosome im- 
balance: principles, mechanisms and models. Cambridge 
University Press, New York 

37. Eriksson S (1965) Studies in alpha i-antitrypsin deficien- 
cy. Acta Med Scand 177 : 175 

38. Evans DAP, Manley K, McKusick VA (i960) Genetic con- 
trol of isoniazid metabolism in man. BMJ 2 : 485 

39. Fagerhol MK, Cox DW (1981) The Pi polymorphism: ge- 
netic, biochemical and clinical aspects of human al- 
phai-antitrypsin. Adv Hum Genet 11 : 1-62 

40. Falconer DS (1981) Introduction to quantitative genetics, 
2nd edn. Oliver and Boyd, Edinburgh 

41. Farhud DB, Ananthakrishnan R, Walter H (1972) Asso- 
ciation between the C3 phenotypes and various diseases. 
Hum Genet 17 : 57-60 

42. Finkelstein S, Walford RL, Myers LW, Ellison GW (1974) 
HL-A antigens and hypersensitivity to brain tissue in 
multiple sclerosis. Lancet 1 : 736 

43. Fischer M, Harvald B, Hauge M (1969) A Danish twin 
study of schizophrenia. Br J Psychiatry 115 : 981-990 

44. Fisher RA (1918) The correlation between relatives on 
the supposition of Mendelian inheritance. Trans R Soc 
Edinb 52 : 399-433 

45. Fredrickson DS, Goldstein JL, Brown MS (1978) The fa- 
milial hyperlipoproteinemias. In: Stanbury JB, Wyngaar- 
den JB, Fredrickson DS (eds) The metabolic basis of in- 
herited disease, 4 th edn. McGraw-Hill, New York, 

pp 604-655 

46. Fuhrmann W, Vogel F (1983) Genetic counseling, 3rd 
edn. Springer, Berlin Heidelberg New York (Heidelberg 
science library 10) 

47. Gabon F (1876) The history of twins as a criterium of 
the relative powers of nature and nurture. J Anthropol 
Inst 

48. Gesell A, Thompson H (1929) Learning and growth in 
identical infant twins: an experimental study by the 
method of co-twin control. Genet Psychol Monogr 6 : 5- 
124 

49. Geyer E (1940) Zwillingsparchen mit zwei Vatern. Arch 
Rassenbiol 34 : 226-236 

50. Grebe H (1959) Erblicher Zwergwuchs. Ergeb Inn Med 
Kinderheilkd 12 : 343-427 

51. Goldstein JL, Brown MS (1979) LDL receptor defect in fa- 
milial hypercholesterolemia. Med Clin North Am 
66 : 335-362 

52. Goldstein JL, Hazzard WR, Schrott HG, Bierman EL, 
Motulsky AG (1973) Hyperlipidemia in coronary heart 
disease. II. Genetic analysis of lipid levels in 176 families 
and delineation of a new inherited disorder. J Clin Invest 
54 : 1544-1568 

53. Gottron HA, Schnyder UW (eds) (1966) Vererbung von 
Hautkrankheiten. Springer, Berlin Heidelberg New York 
(Handbuch der Haut- und Geschlechtskrankheiten, 
suppl 7) 

54. Grosse- Wilde H, Bertrams J, Schuppien W, Netzel B, 
Ruppelt W, Kuwert EK (1977) HLA-D typing in 111 multi- 
ple sclerosis patients: distribution of four HLA-D alleles. 
Immunogenetics 4 : 481-488 

55. Griineberg H (1952) Quasi-continuous variations in the 
mouse. Symp Genet 3 : 215-227 

56. Griineberg H (1952) Genetical studies in the skeleton of 
the mouse. IV. Quasi-continuous variations. J Genet 

51 : 95-114 



57. Halldin J (1984) Prevalence of mental disorder in an ur- 
ban population in central Sweden. Acta Psychiatr Scand 

69 : 503-518 

58. Harris H, Hopkinson DA (1972) Average heterozygosity 
per locus in man: an estimate based on the incidence of 
enzyme polymorphisms. Ann Hum Genet 36 : 9-20 

59. Harris H, Smith CAB (1948) The sib-sib age of onset cor- 
relation among individuals suffering from a hereditary 
syndrome produced by more than one gene. Ann Eugen 
14 : 309-318 

60. Hegele RA, Breslow JL (1987) Apolipoprotein genetic 
variation in the assessment of atherosclerosis suscept- 
ibility. Genet Epidemiol 4 : 163-184 

61. Hegeman JP, Mash AJ, Spivey BE (1974) Genetic analysis 
of human visual parameters in populations with varying 
incidences of strabism. Am J Hum Genet 26 : 549-562 

62. Hershon K, Brunzell J, Albers JJ, Haas L, Motulsky A 
(1981) Hyper-apo-B-lipoproteinemia with variable lipid 
phenotype (familial combined hyperlipidemia). Arterio- 
sclerosis 1 : 380 a 

63. Hobbs HH, Russell DW, Brown MS, Goldstein JL (1990) 
The LDL receptor locus in familial hypercholesterolemia: 
mutational analysis of a membrane protein. Annu Rev 
Genet 24 : 133-170 

64. Howell-Evans W, McConnell RB, Clarke CA, Sheppard 
PM (1958) Carcinoma of the oesophagus with keratosis 
palmaris and plantaris (tylosis). Q J Med [New Ser] 
27 : 413-429 

65. Humphries SE (1988) DNA polymorphisms of the apoli- 
poprotein genes - their use in the investigation of the ge- 
netic component of hyperlipidaemia and atherosclerosis. 
Atherosclerosis 72 : 89-108 

66. Husen T (1959) Psychological twin research. Almquist 
and Wiksell, Stockholm 

67. Inkeles S, Eisenberg D (1981) Hyperlipidemia and coron- 
ary atherosclerosis: a review. Medicine (Baltimore) 
60 : 110-123 

68. Johannsen W (1926) Elemente der exakten Erblichkeits- 
lehre, 3rd edn. Fischer, Jena (1st edn 1909) 

69. Jorgensen G (1974) Erbfaktoren bei haufigen Krankhei- 
ten. In: Vogel F (ed) Erbgefuge. Springer, Berlin Heidel- 
berg New York, pp 581-665 (Handbuch der allgemeinen 
Pathologie, vol 9) 

70. Kagan A, Rhoads GC, Zeegan PD, Nichaman MZ (1971) 
Coronary heart disease among men of Japanese ancestry 
in Hawaii: the Honolulu heart study. Isr J Med Sci 7 : 1573 

71. Kallmann FJ (1946) The genetic theory of schizophrenia. 
An analysis of 691 schizophrenie twin index families. 
Am J Psychiatry 103 : 3 

72. Kamboh MI, Ferrell RE, Kottke BA (1991) Expressed hy- 
pervariable polymorphism of apolipoprotein (a). Am J 
Hum Genet 49 : 1063-1074 

73. Kampe O, Larhammer D, Wiwan k, Scheuning L, Claes- 
son L, Gustafsson K, Paabo S, Hyldig-Nielsen JJ, Rask L, 
Peterson PA (1983) Molecular analysis of MHC antigens. 
In: Moller E, Moller G (eds) Genetics of the immune re- 
sponse. Plenum, New York, pp 61-79 

74. Kelley WN, Greene ML, Rosenbloom FM, Henderson JF, 
Seegmiller JE (1969) Hypoxanthine-guaninephosphoribo- 
syltransferase deficiency in gout. Ann Intern Med 70 : 155 

75. Kloimwieder R (1942) Die Intelligenz in ihren Beziehun- 
gen zur Vererbung, Umwelt und Ubung. Z Menschl Ver- 
erbungs Konstitutionslehre 25 : 582-617 



254 Formal Genetics of Humans: Multifactorial Inheritance and Common Diseases 



76. Kringlen E (1967) Heredity and environment in the func- 
tional psychoses. Heinemann, London 

77. Kruger J (1973) Zur Unterscheidung zwischen multifak- 
toriellem Erbgang mit Schwellenwerteffekt und einfa- 
chem diallelem Erbgang. Hum Genet 17 : 181-252 

78. Kruger J, Propping P (1976) Ruckgang der Zwillingsgebur- 
ten in Deutschland. Dtsch Med Wochenschr 101 : 475-480 

79. Kueppers FA (1992) Chronic obstructive pulmonar dis- 
ease. In: King RA, Rotter JI, Motulsky AG (eds) The ge- 
netic basis of common diseases. Oxford University Press, 
New York, pp 222-239 

80. Lackner C, Boerwinkle E, Leffert CC et al (1991) Molecu- 
lar basis of apolipoprotein (a) isoform size heterogeneity 
as revealed by pulsed-field gel electrophoresis. J Clin In- 
vest 87 : 2077-2086 

81. Landy HL, Weiner S, Corson SL, Batzer FR, Bolognese RJ 
(1986) The “vanishing twin.” Ultrasonographic assess- 
ment of disappearance in the first trimester. Am J Obstet 
Gynecol 155 : 14-19 

82. Langdon M, van Dam M, Welsh KL et al (1984) Genetic 
markers in narcolepsy. Lancet 2 : 1178-1180 

83. Laurell C-B, Eriksson S (1963) The electrophoretic ai- 
globulin pattern of serum a i-antitrypsin deficiency. 
Scand J Clin Lab Invest 15 : 132 

84. Lemser H (1938) Zur Erb-und Rassenpathologie des Dia- 
betes mellitus. Arch Rassenbiol 32 : 481 

85. Lenz W (1959) Ursachen des gesteigerten Wachstums der 
heutigen Jugend. In: Akzeleration und Ernahrung. (Fett- 
losliche Wirkstoffe, vol 4) 

86. Lenz W (1973) Vererbung und Umwelt bei der Entste- 
hung von Mifibildungen. Humanbiologie 124 : 132-145 

87. Levy RI (1981) Declining mortality in coronary heart 
disease. Arteriosclerosis 1 : 312-325 

88. Luxenburger H (1935) Untersuchungen an schizophrenen 
Zwillingen und ihren Geschwistern zur Priifung der Rea- 
litat von Manifestationsschwankungen. Z Gesamte Neu- 
rol Psychiatr 154 : 351-394 

89. Luxenburger H (1940) Zwillingsforschung als Methode 
der Erbforschung beim Menschen. In: Just G, Bauer KH, 
Hanhart E, Lange J (eds) Methodik, Genetik der Gesamt- 
person. Springer, Berlin, pp 213-248 (Handbuch der Erb- 
biologie des Menschen, vol 2) 

90. Malinow MR (1990) Hyperhomocystinemia: a common 
and easily reversible risk factor for occlusive athero- 
sclerosis. Circulation 81 : 2004-2006 

91. McArthur N (1953) Statistics in twin birth in Italy. 1949 
and 1950. Ann Eugen 17 : 249 

92. McGill HC Jr (1968) Fatty streaks in the coronary arter- 
ies and aorta. Lab Invest 18 : 560-564 

93. Metneki J, Czeizel A (1980) Contraceptive pills and 
twins. Acta Genet Med Gemellol (Rome) 29 : 233-236 

94. Meyers DA, Marsh DG (1992) Allergy and asthma. In: 
King RA, Rotter JI, Motulsky AG (eds) The genetic basis 
of common disease. Oxford University Press, New York, 

pp 130-149 

95. Morton NE (1956) The detection and estimation of link- 
age between the genes for elliptocytosis and the Rh 
blood type. Am J Hum Genet 8 : 80-96 

96. Morton NE (1976) Genetic markers in atherosclerosis: a 
review. J Med Genet 13 : 81-90 

97. Motulsky AG (1978) The genetics of common diseases. 
In: Morton NE, Chung CS (eds) Genetic epidemiology. 
Academic, New York, pp 541-548 



98. Motulsky AG (1979) The HLA complex and disease. 
Some interpretations and new data in cardiomyopathy. 
N Engl J Med 300 : 918-919 

99. Motulsky AG (1982) Genetic approaches to common dis- 
eases. In: Bonne-Tamir B (ed) Medical aspects. Liss, New 
York, pp 89-95 (Human genetics, part B) 

99 a. Motulsky AG (1996) Nutritional ecogenetics: homocys- 
teine-related arterioclerotic vascular disease, neural 
tube defects, and folic acid (Invited editorial). Am J 
Hum Genet 58 : 17-20 

100. Motulsky AG, Brunzell JD (1992) The genetics of coron- 
ary arteriosclerosis. In: King RA, Rotter JI, Motulsky 
AG (eds) The genetic basis of common disease. Oxford 
University Press, Oxford, pp 150-169 

101. Mourant AE, Kopec AC, Domaniewska-Sobczak K (1978) 
Blood groups and diseases. Oxford University Press, 
London 

102. Mourant AE, Kopec AC, Domaniewska-Sobczak K (1978) 
Blood groups and diseases. Oxford University Press, 
London 

103. Naeslund J (1956) Metodiken rid den forsta lasundervis- 
ningen. En oversikt och experimentella bidrag. Svenska, 
Uppsala 

104. Nagel RL, Labie D (1985) The consequences and implica- 
tions of the multicentric origin of the Hb S gene. In: Sta- 
matoyannopoulos G, Nienhuis A (eds) Experimental ap- 
proaches for the study of hemoglobin switching. Liss, 
New York, pp 93-103 

105. Nagel RL, Fabry ME, Pagnier J, Zouhoun I, Wajcman H, 
Baudin V, Labie D (1985) Hematologically and genetical- 
ly distinct forms of sickle cell anemia in Africa. The Se- 
negal type and the Benin type. N Engl J Med 312 : 880- 
884 

106. Nance W (1990) Do twin Lyons have larger spots? Am J 
Hum Genet 46 : 646-648 

107. Neel JV, Fajons SS, Conn JW, Davidson RT (1965) Dia- 
betes mellitus. In: Neel JV, Shaw MW, Schull WJ (eds) 
Genetics and the epidemiology of chronic disease. GPO, 
Washington, pp 105-132 

108. Nicholas JW, Jenkins WJ, Marsh WL (1957) Human 
blood chimeras. A study of surviving twins. BMJ 1 : 1458 

109. Nora JJ, Lortscher RH, Spangler RD, Nora AH, Kimber- 
ling WJ (1980) Genetic-epidemiologic study of early-on- 
set ischemic heart disease. Circulation 62 : 503-508 

110. Olefsky JM (1985) Diabetes mellitus. In: Wyngaarden JB, 
Smith LH Jr (eds) Cecil textbook of medicine, 17 th edn. 
Saunders, Philadelphia, pp 1320-1341 

111. Penrose LS (1938) (Colchester survey) A clinical and ge- 
netic study of 1280 cases of mental defect. HMSO, Lon- 
don (Special report series of the Medical Research Coun- 
cil, vol 229) 

112. Penrose LS (1962) The biology of mental defect, 3 rd edn. 
Grune and Stratton, New York 

113. Poll H (1914) liber Zwillingsforschung als Hilfsmittel 
menschlicher Erbkunde. Z Ethnol 46 : 87-108 

114. Propping P (1983) Genetic disorders presenting as 
“schizophrenia”. Karl Bonhoeffer’s early view of the 
psychoses in the light of medical genetics. Hum Genet 
65 : 1-10 

115. Propping P, Kruger J (1976) liber die Haufigkeit von 
Zwillingsgeburten. Dtsch Med Wochenschr 101 : 506-512 

116. Propping P, Vogel F (1976) Twin studies in medical ge- 
netics. Acta Genet Med Gemellol (Rome) 25 : 249-258 



References 255 



117. Propping P, Voigtlander V (1983) Was ist gesichert in der 
Genetik der Atopien? Allergologie 6 : 160-168 

118. Puska P, Tuomilehto J, Salonen J et al (1979) Changes in 
coronary risk factors during a comprehensive five-year 
community programme to control cardiovascular disea- 
ses (North Karelia project) BMJ 2 : 1173-1178 

119. Rao CD, Elston RC, Kuller LH, Feinleib M, Carter C, 
Havlik R (eds) (1984) Genetic epidemiology of coronary 
heart disease. Past, present and future. Liss, New York 

120. Renwick JH (1969) Progress in mapping human auto- 
somes. Br Med Bull 25 : 65 

121. Richter S (1967) Zur Hereditat des Strabismus concomi- 
tans. Humangenetik 3 : 235-243 

122. Robbins DC, Blix PM, Rubenstein AH, Kanazawa Y, Ko- 
saka K, Tager HS (1981) A human proinsulin variant at 
arginine 65. Nature 291 : 679-681 

123. Robertson FW (1981) The genetic component in coron- 
ary heart disease - review. Genet Res (Cambr) 37 : 1-16 

124. Rose NR, Vladutio AO, David CS, Shreffier DC (1973) 
Autoimmune murine thyroiditis. V. Genetic influence 
on the disease in BSVS and BRVR mice. Clin Exp Immu- 
nol 15 : 281-287 

125. Rotter JI, Rimoin DL (1981) The genetics of the glucose 
intolerance disorders. Am J Med 79 : 116-126 

126. Rotter JI, Vadheim CM, Rimoin DL (1992) Diabetes mel- 
litus. In: King RA, Rotter JD, Motulsky AG (eds) The ge- 
netic basis of common diseases. Oxford University Press, 
New York, pp 413-481 

127. Schnyder UW (1955) Neurodermitis und Allergie des Re- 
spirationstraktes. Dermatologica 110 : 289 

128. Selby PB, Selby PR (1978) Gamma-ray-induced dominant 
mutations that cause skeletal abnormalities in mice. II. 
Description of proved mutations. Mutat Res 51 : 199-236 

129. Shoelson S, Haneda M, Blix P, Nanjo A, Sanke T, Inouye 
K, Steiner D, Rubenstein A, Tager H (1983) Three mutant 
insulins in man. Nature 302 : 540-543 

130. Short EM (1992) Hyperuricemia and gout. In: King RA, 
Rotter JI, Motulsky AG (eds) The genetic basis of com- 
mon disease. Oxford University Press, New York, 
pp 482-506 

131. Siemens HW (1924) Die Zwillingspathologie. Springer, 
Berlin 

132. Siemens HW (1924) Die Leistungsfahigkeit der zwillings- 
pathologischen Arbeitsmethode. Z Induktive Abstam- 
mungs Vererbungslehre 33 : 348 

133. Simonds B (1963) Tuberculosis in twins. Putnam, Lon- 
don 

134. Sing CR, Orr JD (1976) Analysis of genetic and environ- 
mental sources of variation in serum cholesterol in Tech- 
umseh, Michigan. III. Identification of genetic effects 
using 12 polymorphic genetic marker systems. Am J 
Hum Genet 28 : 453-464 

135. Smith C (1971) Recurrence risks for multifactorial in- 
heritance. Am J Hum Genet 23 : 578-588 

136. Steel CM, Beatson D, Cuthbert RJG et al (1987) HLA hap- 
lotype A, B8DR3 as a risk factor for HIV related disease. 
Lancet 1 : 1185-1188 

137. Steinlein O, Anokhin A, Mao Y-P et al (1992) Localiza- 
tion of a gene for the human low- voltage EEG on 20 q 
and genetic heterogeneity. Genomics 12 : 69-73 

138. Steinlein 0 , Smigrodzki R, Lindstrom J, Anand R, Koh- 
ler M, Tocharoentanophol C, Vogel F (1994) Refinement 
of the localization of the gene for neutonal nicotinic 



acetylcholine receptor a4 subunit (CHRNA4) to human 
chromosome 20 qi3.2-qi3.3. Genomics 22 : 493-495 

139. Stern C (1953) Model estimates of the frequency of white 
and near-white segregants in the American negro. Acta 
Genet (Basel) 4 : 281-298 

140. Stoffel M, Froguel P, Takeda J et al (1992) Human gluco- 
kinase gene: isolation, characterization and identifica- 
tion of two missense mutations linked to early-onset 
non-insulin dependent (type 2) diabetes melitus. Proc 
Natl Acad Sci USA 89 : 7698-7702 

141. Stone NJ (1979) Genetic hyperlipidemia and athero- 
sclerosis. Artery 5 : 377-397 

142. Svejgaard A, Jersild C, Staub Nielsen L, Bodmer WF 
(1974) HL-A antigens and disease. Statistical and geneti- 
cal considerations. Tissue Antigens 4 : 95-105 

143. Svejgaard A, Platz P, Ryder LP (1983) HLA and disease 
1982. Immunol Rev 70 : 193-218 

144. Takata H, Suzuki M, Ishii T et al (1987) Influence of ma- 
jor histocompatibility complex region genes on human 
longevity among Okinawan Japanese centenarians and 
nonagenarians. Lancet 2 : 824-826 

145. Tattersall RB, Pyke DA (1972) Diabetes in identical twins. 
Lancet 2 : 1120-1125 

146. Ten Kate LP, Boman H, Daiger SP, Motulsky AG (1984) 
Increased frequency of coronary heart disease in rela- 
tives of wives of myocardial infarct survivors: assortative 
mating for lifestyle and risk factors. Am J Cardiol 
53 : 399-403 

147. Tienari P (1963) Psychiatric illnesses in identical twins. 
Acta Psychiatr Scand [Suppl]:i7i 

148. Timofeef-Ressovsky NW (1931) Gerichtetes Variieren in 
der phanotypischen Manifestierung einiger Gerieratio- 
nen von Drosophila funebris. Naturwissenschaften 
19 : 493-497 

149. Tiwari JL, Terasaki PI (1985) HLA and disease associa- 
tions. Springer, New York 

150. Turner G, Jacobs PA (1984) Mental retardation and the 
fragile X. Adv Hum Genet i3:n 

151. Utermann G, Hardewig A, Zimmer F (1984) Apolipopro- 
tein E phenotypes in patients with myocardial infarction. 
Hum Genet 65 : 237-241 

152. Utermann G, Kindermann I, Kaffarnik H, Steinmetz A 
(1984) Apolipoprotein E phenotypes and hyperlipidemia. 
Hum Genet 65 : 232-236 

153. Vogel F (1970) The genetic basis of the normal human 
electroencephalogram (EEG). Hum Genet 10 : 91-114 

154. Vogel F (ed) (1974) Erbgefiige. Springer, Berlin Heidel- 
berg New York (Handbuch der allgemeinen Pathologie, 
vol 9) 

155. Vogel F (1984) Relevant deviations in heterozygotes of 
autosomal-recessive diseases. Clin Genet 25 : 381-415 

156. Vogel F (1990) Humangenetik und Konzepte der Krank- 
heit. In: Sitzungsberichte der Heidelberger Akademie 
der Wissenschaften, Mathematisch-naturwissenschaft- 
liche Klasse, 6. Abhandlung. Springer, Berlin Heidelberg 
New York, pp 335-353 

157. Vogel F, Kruger J (1967) Multifactorial determination of 
genetic affections. Proceedings of the 3rd International 
Congress of Human Genetics. Johns Hopkins University 
Press, Baltimore, pp 437-445 

158. Von Bracken H (1934) Mutual intimacy in twins: types of 
structure in pairs of identical and fraternal twins. Char- 
acter Personality 2 : 293-309 



256 Formal Genetics of Humans: Multifactorial Inheritance and Common Diseases 



159. Von Bracken H (1969) Humangenetische Psychologic. In: 
Becker PE (ed) Humangenetik, ein kurzes Handbuch, 
vol 1/2. Thieme, Stuttgart, pp 409-562 

160. Von Verschuer O (1954) Wirksame Faktoren im Leben 
des Menschen. Steiner, Wiesbaden 

161. Von Verschuer O (1958) Die Zwillingsforschung im 
Dienste der inneren Medizin. Verb Dtsch Ges Inn Med 
64 : 262-273 

162. Waardenburg PJ (1957) The twin study method in wider 
perspective. Acta Genet (Basel) 7 : 10-20 

163. Wainscoat JS, Thein SL, Higgs DR, Bell JI, Weatherall DJ, 
Al-Awamy BH, Serjeant GR (1985) A genetic marker for 
elevated levels of haemoglobin F in homozygous sickle 
cell disease. Br J Haematol 60 : 261-268 

164. Weinberg W (1902) Beitrage zur Physiologic und Patho- 
logic der Mehrlingsgeburten beim Menschen und Pro- 
bleme der Mehrlingsgeburtenstatistik. Z Geburtsh Gyna- 
kol 47 : 12 

165. Weinberg W (1909) Der Einflufi von Alter und Geburten- 
zahl der Mutter auf die Haufigkeit der ein- und zweieii- 
gen Zwillingsgeburten. Z Geburtsh Gynakol 65 : 318-324 

166. Wieland W (1975) Diagnose. Uberlegungen zur Medizin- 
theorie. De Gruyter, Berlin 



167. Wieland W (1983) Systematische Bemerkungen zum Di- 
agnosebegriff. Miinstersche Beitrage zur Geschichte und 
Theorie der Medizin 20 : 17-34 

168. Williams WR, Lalouel JM (1982) Complex segregation 
analysis of hyperlipidemia in a Seattle sample. Hum 
Hered 32 : 24-26 

169. Wilson SR (1973) The correlation between relatives un- 
der the multifactorial model with assortative mating. I. 
The multifactorial model with assortative mating. Ann 
Hum Genet 37 : 189-204 

170. Wilson SR (1973) The correlation between relatives un- 
der the multifactorial model with assortative mating. II. 
The correlation between relatives in the equilibrium po- 
sition. Ann Hum Genet 37 : 205-215 

171. Wojchechowski AP, Farral M, Cullen P, Wilson TME, 
Bayliss JD, Farren B, Griffin BA, Caslake MJ, Packard 
CJ, Shepherd J, Thakker R, Scott J (1991) Familial com- 
bined hyperlipidemia linked to the apolipoprotein AI- 
CIII-AIV gene cluster on chromosome 11 q23-q24. Nature 
349 : 161-164 

172. Woolf B (1955) On estimating the relation between blood 
group and disease. Ann Hum Genet 19 : 251-253 

173. Wright S (1931) Evolution in mendelian populations. Ge- 
netics 16 : 97-159 



7 Gene Action: Genetic Diseases 



This investigation reveals ...a clear case of a change produced in a protein molecule 
by an allelic change in a single gene involved in synthesis. 

L. Pauling, ''Sickle cell anemia, a molecular disease,” Science, 1949 



7.1 Aspects of the Problem 

Gene Action and Genetic Strategies. How do genes 
manage to determine the development and function 
of the organism? This is the basic problem of genetic 
biology that should be solved. The topics discussed 
earlier such as the structure of the genetic material 
and Mendelian segregation are interesting scientifi- 
cally because they help in solving this basic question. 
In Chap. 6 Mendelism is described as the central 
paradigm of genetics. Thus, a Mendelian mode of in- 
heritance for a certain phenotype points to a specific 
change within the information-carrying DNA, and 
the study of linkage with DNA variants as markers 
leads to precise localization of the gene causing this 
phenotype. After the nature of the genetic alteration 
has been defined, the path of gene action between 
genotype and phenotype can be elucidated. For a 
long time linkage studies were known in principle to 
be the “King’s road” leading to gene localization. 
Linkage study in humans is more difficult than in ex- 
perimental organisms because of the lack of directed 
matings. Although statistical techniques needed for 
human gene mapping have been available for some 
time, practical implementation was impeded by the 
lack of suitable genetic markers that could be used 
as landmarks for gene localization. This has funda- 
mentally changed with discovery of the very frequent 
DNA polymorphisms. (Sect. 12.1.2). 

Before these methods were available, only pheno- 
types (i.e., end results) could be studied. Therefore 
“classic” genetic analysis had to follow the the path 
from the phenotype as a starting point in several 
steps down to the “bottom”: the gene and its muta- 
tion. As biochemical genetics developed, this ap- 
proach was often remarkably successful. It led to 
clearcut results at the gene product level such as in 
enzyme defects and hemoglobin variants, and al- 
lowed inferences of the DNA mutation from knowl- 
edge of the genetic code that related an amino acid 
alteration to the corresponding nucleotide change in 
the DNA. However, research workers soon became 
aware of the limits of this approach. Attempts to dig 
deeper into the biological causes were often doomed 



to failure. Biochemical data did not point unequivo- 
cally to a certain defect, or more often the phenotype 
could not be related to a gene-determined defect in 
an enzyme or protein. 

Here the more recent “bottom-up” approach often 
helped. After mapping and identifying the gene, its 
normal and abnormal protein product could be de- 
fined, allowing the elucidation of its normal function 
and of the abnormal phenotype. As shown in 
Chap.3.1.3.9, such “positional cloning” has been in- 
creasingly successful, such as in Huntington disease 
and cystic fibrosis. In these diseases a definite pheno- 
type and the mode of inheritance were apparent, but 
neither the location of their respective genes nor the 
structure or function was known. Gene localization 
had to be carried out “blindly,” requiring a search 
over the entire genome since there were no clues as 
to location of these genes. After mapping was accom- 
plished, elucidation of the mutations at the DNA level 
in each case resulted in definition of previously un- 
known proteins (huntingtin and CFTR) that were 
mutant and caused the disease. However, the exact 
mechanism of how a specific mutation causes the dis- 
ease remains under study. While there are excellent 
clues to cell membrane dysfunction in cystic fibrosis, 
the pathway from the altered genotype to phenotype 
in Huntington disease remains completely un- 
known. 

In other cases, such as in some autosomal dominant 
cardiomyopathies, localization of the disease pheno- 
type to chromosome iqq led to a search for a biologi- 
cally plausible candidate gene that mapped to this 
site. A muscle protein myosin had earlier been local- 
ized to this position and was found to be mutant in 
the affected cardiomyopathy kindreds. In this exam- 
ple, the normal myosin gene had been analyzed be- 
fore the disease was mapped. With the broad applica- 
tion of molecular methods in many fields of biology 
and medicine such analyses of “normal” genes with- 
out assistance by known monogenic traits or diseases 
are becoming increasingly common. Modern genetic 
analysis no longer requires mutations for gene identi- 
fication! 

The next logical step would be analysis of traits in 
which the mode of inheritance is more complex, and 
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the gene or genes are unknown. Here linkage analysis 
is technically much more difficult but may point to a 
“major gene” (Sect. 6.1.2). The action of this gene 
may then be analyzed “bottom-up,” as described. 

Hereditary Diseases as Analytical Tools for the Eluci- 
dation of Gene Action. The examples above deal with 
hereditary diseases. This emphasizes an important 
principle of genetic analysis. Classical genetic analy- 
sis starts with distinguishable abnormal phenotypes 
that exhibit a Mendelian mode of inheritance. Such 
traits permit a thorough analysis of gene action. 
“Normal” traits, on the other hand, often are distrib- 
uted continuously; correlations among relatives sug- 
gest genetic determination which cannot be readily 
interpreted in terms of gene action and biochemical 
mechanisms. Therefore “classical” genetics is largely 
a genetic analysis of anomalies. However, from this 
analysis, conclusions can be inferred as to normal 
function. In humans, this trend toward analysis of ge- 
netic diseases is reinforced by the setting in which 
genetic studies are performed. Patients with certain 
diseases are more readily available for genetic studies 
than healthy individuals. Moreover, the motivation of 
research workers is stronger if there is hope of practi- 
cal and useful results. 

For all of these reasons, we mainly use hereditary dis- 
eases as models for exploring genetic concepts that 
apply to normal development and function. 

The Sequence of Problems to be Discussed. In the fol- 
lowing sections we begin with the conceptually rela- 
tively simple and well-analyzed cases: enzyme de- 
fects. The hemoglobin variants follow as examples 
for successful analysis of gene action and its varia- 
tion. Some special topics are then discussed, such as 
genetic variation leading to disease only when specif- 
ic environmental conditions are present (pharmaco- 
genetics; ecogenetics). A survey of genetic mecha- 
nisms in dominant conditions reveals a great variety 
of disturbances of different normal functions. In the 
next step from the simple to the more complex we 
discuss briefly the intricate immune system. 
Immunogenetics has developed over recent years into 
a field of its own, but many of its aspects are also im- 
portant for other fields of human genetics. This leads 
to the most complex, and least understood field of 
gene action: embryonic development and its distur- 
bances (Chap. 8). In this context new concepts are de- 
scribed which apparently contradict predictions from 
Mendelism, such as genomic imprinting. 



7.2 Genes and Enzymes 

7.2.1 One-Gene/One-Enzyme Hypothesis 

Early Forerunners. Garrod in 1902 [75] (Sect. 1.5) re- 
lated the gene defect in alkaptonuria to a specific in- 
ability of the organism to degrade homogentisic 
acid. The obvious next problem was to determine 
the specific mechanism responsible for this inability. 
Metabolic steps are catalyzed by enzymes. Therefore 
alterations of enzymes offered a plausible explana- 
tion. This had already been discussed by Driesch in 
1896 and proposed by Haldane in 1920 (see [109]) 
and by Garrod in 1923 [96]. Important early analytic 
steps in biochemical genetics were the analyses of 
eye color mutants in the flour moth Ephestia kuhniel- 
la by Kiihn [147] and Butenandt [44] and in Droso- 
phila by Beadle and Ephrussi (1936) [15]. These first 
attempts chose mutants in insects that had been ana- 
lyzed by genetic methods to elucidate the mech- 
anisms of gene action. This approach, however, had 
only limited success as the problem proved to be too 
complex for a direct attack. A more successful ap- 
proach required two conditions: 

1. A simpler test organism had to be found that pro- 
vided better opportunities for experimentation. 

2. The problem needed to be examined by looking for 
genetic explanations of the biochemical pheno- 
types rather than by providing biochemical expla- 
nations for genetically defined traits. 

Both requirements were met by the work of Beadle 
and Tatum in 1941 [16] and that of Beadle in 1945 

[14]. 

Beadle's and Tatum's Simple Organism and Method of 
Attack. The paper by these two investigators begins 
as follows (our italics): 

From this standpoint of physiological genetics the develop- 
ment and functioning of an organism consists essentially of 
an integrated system of chemical reactions controlled in 
some manner by genes. It is entirely tenable to suppose 
that these genes . . . control or regulate specific reactions in 
the system either by acting directly as enzymes or by deter- 
mining the specificities of enzymes. Since the components 
of such a system are likely to be interrelated in complex 
ways, and since the synthesis of the parts of individual 
genes are presumably dependent on the functioning of other 
genes, it would appear that there must exist orders of direct- 
ness of gene control ranging from simple one-to-one rela- 
tions to relations of great complexity. In investigating the 
roles of genes, the physiological geneticist usually attempts 
the physiological and biochemical bases of already known 
hereditary traits. This approach . . . has established that 
many biochemical reactions are in fact controlled in specific 
ways by specific genes. Furthermore, investigations of this 
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type tend to support the assumptions that gene and enzyme 
specificities are of the same order. There are, however, a 
number of limitations inherent in this approach. Perhaps 
the most serious of these is that the investigator must in 
general confine himself to a study of nonlethal heritable 
characters. Such characters are likely to involve more or 
less non-essential so-called “terminal” reactions .... A sec- 
ond difficulty ... is that the standard approach to the pro- 
blem implies the use of characters with visible manifesta- 
tions. Many such characters involve morphological varia- 
tions, and these are likely to be based on systems of bio- 
chemical reactions so complex as to make analysis exceed- 
ingly difficult. 

Considerations such as those just outlined, have led us to in- 
vestigate the general problem of the genetic control of devel- 
opmental and metabolic reactions by reversing the ordinary 
procedure and, instead of attempting to work out the chemi- 
cal basis of known genetic characters, to set out to determine 
if and how genes control known biochemical reactions. The 
ascomycete neurospora offers many advantages for such an 
approach and is well suited for genetic studies. Accordingly, 
our program has been built around this organism. The pro- 
cedure is based on the assumption that X-ray treatment will 
induce mutations in genes concerned with the control of 
known specific chemical reactions. If the organism must be 
able to carry out a certain chemical reaction to survive on a 
given medium, a mutant unable to do this will obviously be 
lethal on this medium. Such a mutant can be maintained 



and studied, however, if it will grow on a medium to which 
has been added the essential product of the genetically 
blocked reaction. 

Beadle and Tatum [16] then described their experi- 
mental design (Fig. 7.1). The complete medium con- 
tained agar, inorganic salts, malt extract, yeast ex- 
tract, and glucose. The minimal medium, on the other 
hand, contained only agar, salts, biotin, a disaccha- 
ride, and fat or other carbon source. Mutants that 
grow on the complete but not on the minimal medium 
were tested systematically by the gradual adding of 
the complete medium components to ascertain which 
component the mutants were unable to synthesize. 

In this manner, mutants were isolated that are unable 
to synthesize growth factors, such as pyridoxin, thia- 
mine, and p-aminobenzoic acid. These defects were 
shown to be caused by mutations at specific gene 
loci. This work inaugurated an abundance of investi- 
gations on neurospora, bacteria, and yeast, in which 
such mutants were analyzed, and “genetic blocks” in 
single metabolic steps were related to specific enzyme 
defects. Soon this approach became an important 
tool for better assessment of single steps within meta- 
bolic pathways. 
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Fig. 7.1. The experimental design for discovering biochemical 
mutants in neurospora. The X-ray or UV-induced mutation 
does not impair fungus growth on complete medium. On 
minimal medium, however, the fungus cannot grow. Addition 
of vitamins restores growth capacity shown as “stippling.” 
Addition of amino acids causes no growth. The figure sug- 



gests that the mutation has affected a gene, which influences 
vitamin metabolism. The next step in the experiment would 
be to determine which vitamin is able to restore normal func- 
tion. The genetic block is found in the metabolism of this 
vitamin. (Modified from Sinnott et al. 1958 [222]) 
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The one-gene/one-enzyme hypothesis was estab- 
lished and now had a solid experimental foundation. 
This hypothesis proved to be highly fertile during 
the decades that followed. Analysis of enzyme defects 
and variants soon also provided evidence for genetic 
blocks in which only the function of the enzyme was 
impaired while an enzyme protein was still present 
that had kept its antigenic properties (cross-reacting 
material; CRM). In other cases the enzyme had an al- 
tered temperature optimum for its action. Some var- 
iants could be explained by a mutation causing al- 
tered activity of a series of enzymes by affecting a 
common control unit. From such studies there 
emerged the concept of regulation of bacterial gene 
action, which included the operon concept. 

First Enzyme Defects in Humans. The first genetic 
disease in humans for which an enzyme defect could 
be shown was a recessively inherited type of met- 
hemoglobinemia (Gibson and Harrison in 1947 [100] 
and Gibson in 1948 [99]; 250800). The enzyme defi- 
cient in these cases is the NADH-dependent methe- 
moglobin reductase. The first systematic attempt to 
elucidate a group of human metabolic diseases was 
made in 1951 by the Cori’s in glycogen storage disease 

[64]. 

The Cori’s showed first that the structure of liver gly- 
cogen in ten cases of what was then called von Gierke 
disease (232200) was within the normal range of var- 
iation in eight and definitely abnormal in two cases. 
It was also obvious that liver glycogen, which accu- 
mulates in excessive amounts, is not readily available 
for blood sugar formation, as the patients show a ten- 
dency to hypoglycemia. Many enzymes are required 
for the conversion of glycogen to glucose in the liver. 
Two of them, amylo-i,6-glucosidase and glucose-6- 



phosphatase, were selected as possible candidates to 
be the deficient enzyme. Liberation of phosphate 
from glucose-6-phosphate was measured in liver 
homogenates at various pH levels. Figure 7.2 shows 
the results. In a normal liver, a high level of activity 
is noted, with a maximum at pH 6-7. Severe liver 
damage due to cirrhosis leads only to a moderate de- 
crease. In a fatal case of von Gierke disease, on the 
other hand, no activity at all could be detected; this 
was confirmed in a second case. Two patients with 
milder disease symptoms showed markedly reduced 
activity. 

It was concluded that there is an enzyme defect of 
glucose-6-phosphatase in these fatal cases of von 
Gierke disease. At the same time, however, in most 
of the milder cases the activity of this enzyme was 
not reduced below the level found in liver cirrhosis; 
only the two patients shown in Fig. 7.2 had moderate- 
ly reduced values. The Cori’s offered no explanation 
for the latter results. They also noted that abnormal 
muscle storage of glycogen cannot be explained by a 
lack of glucose-6-phosphatase, since this enzyme is 
normally absent from muscle. For cases with muscu- 
lar glycogenosis they suggested a defect of amylo- 
1,6-glucocidase at the possible explanation. This pre- 
diction was soon confirmed, as Forbes [87] discov- 
ered this defect in a clinical case of glycogen storage 
disease involving both heart and skeletal muscles. 
Currently, many different enzyme defects have been 
discovered in glycogen storage disease. For details 
see [121]. 

While the patterns of manifestation differ somewhat 
among the various types, there is much overlap in 
clinical manifestations. The mode of inheritance is, 
with only one exception, autosomal-recessive. Had 
the enzyme defects not been discovered, glycogen 




Fig. 7.2. Liberation of phosphate from glucose-6- 
phosphate in liver homogenates from various 
patients as a measure of glucose-6-phosphatase 
activity. 1, High phosphate liberation in a patient 
with normal liver function; 2, moderate reduc- 
tion in cirrhosis of the liver; 3, 4, marked reduc- 
tion in two patients with the milder form of gly- 
cogen storage disease; 5, complete absence of en- 
zyme activity in a patient with severe von Gierke 
disease. (From Cori and Cori 1952 [64] ) 
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storage disease would be regarded as a single genetic 
disease with intrafamilial correlations as to severity, 
details of symptoms, and time of death. Hence, we 
have here an example of the way in which genetic 
heterogeneity, which can only be suspected at the 
phenotypic level (Sect. 4.3.5), is confirmed by analysis 
at the biochemical level: identification of specific 
genes by analysis of enzyme activities. 

In the following years, enzyme defects were discov- 
ered with increasing momentum, and in the 1994 edi- 
tion of his Mendelian Inheritance in Man McKusick 
[164] was able to list about 250 autosomal-recessive 
conditions in which a specific enzyme defect had 
been located. Many achievements in methodology 
have contributed to this progress. Most are beyond 
the scope of this volume, but some played a key role 
in the development of concepts and methods in bio- 
chemical and molecular genetics. 

Steps in Understanding Human Enzyme Defects. A 
number of steps have been especially important for 
continuing developments: 

1934 Phenylketonuria was detected by Foiling [86]. 
1941 Beadle and Tatum [16] introduced the one-gene/ 
one-enzyme hypothesis. 

1948 Gibson [99] described the first enzyme defect 
in a human disease (recessive methemoglobin- 
emia). 

1952 Glucose-6-phosphatase deficiency in von Gierke 
disease was discovered by the Cori’s [64]. 

1953 Jervis [127] demonstrated the lack of phenyl- 
alanine hydroxylase in phenylketonuria. Bickel 
[28] reported the first attempt to alleviate an en- 
zyme defect by a low-phenylalanine diet. 

1955 Smithies [225, 226] introduced starch gel elec- 
trophoresis. 

1956 Carson et al. [53] discovered the defect of glu- 
cose- 6-phosphate dehydrogenase (G6PD) in 
drug-induced hemolytic anemia. 

1957 The enzyme defect in galactosemia (P-gal-trans- 
ferase deficiency) was described by Kalckar et 
al. [131], showing that an identical enzyme defi- 
ciency exists in humans and bacteria. 

1961 Krooth and Weinberg [148] demonstrated the 
enzyme defect of galactosemia in fibroblasts 
cultured in vitro. 

1967 Seegmiller et al. [218] discovered the defect of 
hypoxanthine-guanine-phosphoribosyl trans- 
ferase (HPRT) in Lesch-Nyhan syndrome. 

1968 Deficiency of excision repair in xeroderma pig- 
mentosum was described by Cleaver [59]. 

1970 Elucidation of the enzyme defects in the muco- 
polysaccharidoses by Neufeld [186], allowing 
full understanding of the catabolic pathways of 
mucopolysaccharide metabolism. 



1974 Demonstration by Brown and Goldstein [38] 
that genetically determined overproduction of 
an enzyme (HMG Co A reductase) in familial 
hypercholesterolemia is caused by a membrane 
receptor defect (low-density lipoprotein recep- 
tor), which modulates intracellular HMG Co A 
reductase activity. 

1977 Demonstration by Sly et al. [224] that the man- 
nose 6-phosphate components of lysosomal en- 
zymes are recognized by fibroblast receptors. 
Genetic processing defect prevents binding of 
lysosomal enzymes with failure to enter cells 
and secretion into plasma (I cell disease). 

1980 Defect of receptor cyclase coupling protein in 
pseudohypoparathyroidism. 

1983 Cloning of the gene for phenylalanine hydroxy- 
lase by Woo et al. [269]. 

1989 Identification of the gene for cystic fibrosis 
(cystic fibrosis transmembrane regulator, 
CFTR) and identification of the basic defect 
[205]. 

Early 1990s Successful treatment of Gaucher’s disease 
by enzyme therapy. 

7.2.2 Genes and Enzymes in Humans: 

Present State of Knowledge 

Scope and Limitations of this Review. Each enzyme 
defect presents special problems in methodology 
and interpretation. Limitations of space enforce a 
short and highly selective discussion of these prob- 
lems, two groups of which are selected. 

1. Those of significance for an understanding of gen- 
eral principles of genetic determination and con- 
trol in man. 

2. Those of significance for diagnosis of enzyme de- 
fects and their contribution to our understanding 
of disease. 

For other diseases, we refer the reader to more spe- 
cialized monographs [215] and to the many reviews 
on single diseases or groups of diseases. 

7.2.2. 7 Discovery and Analysis of Enzyme Defects 

Difference in Research Strategy Between Humans and 
Neurospora. The progress in analysis of enzyme de- 
fects in neurospora and bacteria was achieved by a 
novel research strategy. Instead of searching for bio- 
chemical explanations of known mutants, mutants 
were induced and screened as to whether they affect- 
ed known metabolic steps. Such an approach can 
work only if mutations indeed cause genetic blocks 
due to enzyme defect. Moreover, recovery of mutants 
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is limited to those actually leading to enzyme defects 
irrespective of whether they are a large or a small 
proportion of all occurring mutations. In practice 
this limitation proved useful since it helped to make 
the problem analytically accessible, allowing for con- 
cepts of genetic control mechanisms of enzyme activ- 
ity to emerge. 

In humans, the approach via known metabolic path- 
ways is barred, as we can neither induce mutations 
artificially nor screen them in a system comparable 
to the selective systems for identification of aux- 
otrophic mutants in neurospora. We must begin 
with the phenotype and try to find and analyze the 
underlying enzyme defect. The obvious disadvanta- 
ges of this approach are its dependence on chance 
observations of individuals with rare diseases, and 
limitation of this approach to instances in which the 
phenotype gives some hints as to where the bio- 
chemical anomaly should be sought. There are also 
advantages, however. In no experimental animal are 
so many individuals constantly being examined for 
their state of health as in humans; moreover, only in 
our species does the variety of methods available for 
analysis range from refined clinical descriptions 
down to characterizations of enzyme proteins. As a 
consequence, a rich spectrum of phenotypes is of- 
fered for observation. The “bottom-up” strategy of 
positional cloning provides an alternative approach 
for identification of biochemical pathways and en- 
zyme defects, since it is very much easier to deter- 
mine the DNA sequence of a gene and infer from it 
the protein sequence than to work at the protein level 
(Sect.3.1.3.9). 

Clinical Symptoms Leading to the Detection of En- 
zyme Defects. How are enzyme defects discovered? 
Many ways exist. The defect of glucose-6-phosphatase 
in von Gierke disease offers the simplest example. 
The disorder had been known for a long time, and 
the clinical symptoms suggest an anomaly in a specif- 
ic metabolic pathway. As soon as this pathway is suf- 
ficiently well-known, and enzyme assays are avail- 
able, the research worker must ascertain which en- 
zyme is defective. However, difficulties may occur. 
These may be primarily technical. For example, 
many enzyme defects in humans are due not to com- 
plete lack of the enzyme but to mutationally altered 
enzyme properties causing anomalies, such as re- 
duced substrate affinity. Most in vitro assays use 
high substrate concentration and thus may enable 
even an altered enzyme to exhibit normal enzyme ac- 
tivity [1186]. In vitro assays therefore may not reflect 
in vivo activity. Sometimes the symptoms point in 
the wrong direction, for example in glycogen storage 
disease type II (Pompe disease). Here, the enzyme 
defect was shown to affect a-i,4-glucosidase, which 



was previously not known to be involved in glycogen 
metabolism. 

In other conditions, the clinical symptoms may be so 
unspecific that no clues as to the metabolic defect ex- 
ist. Thus, a failure of infants to thrive is associated 
with many different inborn errors of metabolism af- 
fecting various metabolic enzymes. 

A small proportion (about 1%) of mentally retarded 
children resident in institutions have phenylketonur- 
ia (PKU). This condition was discovered by Foiling 
in 1934 [86] in two sibs who had a peculiar, mousy 
odor and excreted large amounts of phenylpyruvic 
acid in their urine. This discovery provided much 
hope that many other types of mental retardation 
could be shown to be caused by various other inborn 
errors. Many surveys for abnormal urinary metabo- 
lites were performed among patients with mental re- 
tardation. Unfortunately, the yield was low, and al- 
though some other conditions were discovered, such 
as homocystinuria (see below), most mentally retard- 
ed persons were not affected with inborn errors that 
could be detected by this approach. 

While widespread clinical findings involving bone 
and connective tissue and gross defects are usually 
not associated with inborn errors of metabolism, 
there are exceptions, such as homocystinuria, an 
anomaly in the metabolism of the sulfur- containing 
amino acid methionine, caused by a deficiency of 
the liver enzyme cystathionine synthase. The patients 
suffer from three groups of symptoms: (a) connec- 
tive tissue and eye anomalies such as osteoporosis, 
knock knees, spider fingers and toes, and dislocated 
lenses; (b) anomalies in the function of the central 
nervous system such as mental retardation in about 
50 % of the cases; and (c) arterial and venous throm- 
bosis. Some of the findings are similar to those found 
in Marfan syndrome, a dominant condition that may 
occur as a new mutation, lead to sporadic nonfamilial 
cases, and consequently be confused with homocysti- 
nuria. Even without this parallel, however, no one fa- 
miliar with the general symptomats of recessive en- 
zyme defects would have suspected this particular 
enzyme defect in a disorder with so many different, 
and principally structural, symptoms. The disorder 
was discovered in a program for the screening of 
mentally defective persons. 

Clinical Diagnosis of Metabolic Defects. Metabolic de- 
fects are quite rare. This means that even busy pedia- 
tricians see only a few of them during their careers, 
and those seen are encountered only once or a very 
few times. Therefore the complexity of diagnosis and 
particularly of therapy cannot be expected from ev- 
ery pediatrician. A few departments of pediatrics or 
medicine in America and Europe are increasingly 
specializing in the diagnosis (including antenatal di- 
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agnosis) and therapy of single or small groups of en- 
zyme defects. This specialization provides the highest 
possible level of medical care for these patients. 
However, every physician, whether general practic- 
tioner, pediatrician, or medical geneticist needs to 
be prepared, to arrange for appropriate diagnosis of 
these metabolic diseases. Early diagnosis is important 
not only for disorders in which specific therapy is 
possible (Sect.7.2.2.9), but also in cases where births 
of further affected siblings can be prevented by an- 
tenatal diagnosis. Careful diagnosis is therefore im- 
portant for most inborn errors of metabolism, which 
often manifest in infants as failure to thrive. 

Methods Used for Analysis of Enzyme Defects. The ap- 
propriate methods for analysis of enzyme defects are 
generally those of enzymology. In the elucidation of 
the genetic basis of enzyme defects in inborn errors 
one must examine not only quantitative assessments 
of enzyme activity but also qualitative differences in 
enzyme characteristics. 

Temperature instability has been found, for example, 
in defective HPRT in some children with Lesch- 
Nyhan syndrome (308000). Unusual thermoresis- 
tance was found with a-galactosidase in several se- 
vere mutations causing Fabry disease, a lysosomal 
enzyme defect. 

Frequently the difference between the normal and ab- 
normal enzyme can be analyzed at the protein level, 
for example, by altered electrophoretic mobility. Of- 
ten, the abnormal protein, while losing the catalytic 
capacity by which it is characterized as an enzyme, 
may have maintained its immunological properties. 
It reacts with an antibody that has been produced 
against the normal enzyme. Such cross-reacting mate- 
rial (CRM) was first discovered in bacteria, for exam- 
ple, for trypophan synthetase of E.coli. Such CRM 
proteins are frequent in human enzyme defects. 

It is characteristic of enzyme deficiencies in humans 
that, unlike many enzyme deficiencies in bacteria, 
qualitatively altered enzymes are more frequently ob- 
served than complete or nearly complete loss of an 
enzyme protein. This finding indicates that most cur- 
rently known enzyme defects in humans are caused 
by structural mutations, and not by regulatory muta- 
tions, as are often found in bacteria. Wherever analy- 
sis of mutants has been possible at the DNA level, this 
conclusion has been confirmed. These facts are of 
great significance for the understanding of gene regu- 
lation in higher organisms including humans 
(Chap. 8). Among the many methods used for analy- 
sis of enzyme defects, one - described below - has 
gained special significance. 

Examination of Enzyme Defects in Human Fibroblast Cul- 
tures. When the genetics of micro-organisms was successfully 



elucidated in the 1940s and 1950s, many scientists believed 
that genetic analysis in higher organisms using individual 
cells would increase the resolving power of analysis by sever- 
al orders of magnitude. The technical conditions - the grow- 
ing of cell lines in culture - had been available for several 
years. However, cell lines capable of growing in cultured 
medium for an indefinite time had either been derived from 
malignant tumors - such as the much-used He-La cells - or 
undergone a change in growth characteristics in vitro, there- 
by losing their ability for contact inhibition; they were 
“transformed.” These cells were genetically different from 
normal cells; above all they were almost always aneuploid, 
with a wide range of chromosome numbers within the same 
cell line and even in the same culture. Such cells cannot be 
used for genetic research; methods had to be developed for 
growing normal euploid cells in culture. Quantitative bio- 
chemical work, such as measurement of enzyme activities, 
is meaningful only when the growth of cells is carefully con- 
trolled. 

Adequate methods have been developed and are now widely 
used in human genetics - not only in research but in routine 
diagnosis as well - especially in prenatal diagnosis of chro- 
mosomal and biochemical anomalies. 

Some enzyme defects are not expressed in fibroblasts. Occa- 
sionally, the use of other tissues such as lymphocytes or red 
blood cells is successful in these instances. In general, en- 
zyme defects that are not expressed in fibroblasts cannot be 
assayed in amniotic cells. 

7 . 2 . 2.2 Typical Group of Enzyme Defects: 

Erythrocyte Enzymes 

A well-examined group of enzyme deficiencies affects 
the enzymes of the red blood cell [128, 250]. The hu- 
man erythrocyte has no nucleus and is therefore un- 
able to synthesize mRNA. Protein synthesis in nucle- 
ated red cell precursors supplies the erythrocyte 
with a number of enzyme systems that are active for 
only a limited time. They gradually lose their activity, 
and the red cell is removed from the circulation after 
120 days. For many of these, enzyme deficiency syn- 
dromes are known; some of them cause nonsphero- 
cytic hemolytic anemia. 

Enzyme Defects in Glycolysis. The most important 
catabolic pathway for obtaining energy-rich phos- 
phates (ATP) in mature erythrocytes is glycolysis 
(Fig. 7.3) by the Embden-Meyerhof pathway. This 
anaerobic pathway leads to the formation of 2 mol 
lactate from 1 mol glucose. Moreover, 1 mol glucose 
generates 4 mol ATP, 1 mol of which is needed for 
phosphorylation when glucose-6-phosphate is trans- 
formed to fructose-i,6-diphosphate and also when 
1 mol glucose is changed to 1 mol glucose-6-phos- 
phate. Hence, the net gain is 2 mol ATP per 1 mol glu- 
cose. ATP is utilized for erythrocyte functions includ- 
ing maintenance of shape as a biconcave disk, for en- 
ergy of the cation pump, and for the synthesis of such 
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Fig. 7.3. The glycolytic pathway and its metabolic blocks in 
erythrocytes. This pathway is catalyzed by 11 enzymes. The 
rate-limiting enzyme is hexokinase (1) which converts glu- 
cose into glucose- 6 -phosphate. This is then metabolized in 
steps (2-6) into 1,3-diphosphoglycerate. This compound may 
be converted directly by phosphoglycerate kinase into 3- 
phosphoglycerate and ATP (7). In an alternative pathway (Ra- 
poport-Liibering cycle), however, 1,3-diphosphoglycerate may 
be converted into 2,3-diphosphoglycerate (8). 2,3-Diphospho- 
glycerate is cleaved into inorganic phosphate and 3-phospho- 
glycerate, which is then recycled into the glycolytic pathway. 
The Rapoport-Liibering cycle produces no ATP. Hence, de- 
gradation of glucose may proceed with different net gains of 
ATP. However, the 2,3-diphosphoglycerate content of erythro- 
cytes is important for normal oxygen dissociation of hemo- 
globin. Another requirement for functional hemoglobin is 



the availability of NADH by the glyceraldehyde-P-dehydro- 
genase reaction. NADH is needed not only for hydrogenation 
of pyruvate to lactate but also for reduction of methemoglo- 
bin. About 5 %-io % of glucose-6-phosphate is degraded oxi- 
datively via the hexose-monophosphate cycle (12). In a num- 
ber of steps, pentose phosphate is converted into fructose 
phosphate or glyceraldehyde-3-phosphate and recycled into 
glycolysis. The hexose monophosphate cycle is important as 
it provides NADPH which is needed for reduction of oxidized 
glutathione. This reduction is catalyzed by glutathion reduc- 
tase (13). Glycolysis is controlled via a “multistep control” 
system in which hexokinase, phosphofructokinase, and the 
concentration of inorganic phosphates and Mg are important. 
The metabolic blocks that have been analyzed in humans are 
also shown by the heavy black bars 



metabolites as glutathione (GSH) or AMP. The glyco- 
lytic pathway is catalyzed by 13 enzymes. 

About 5%-io% of glucose-6-phosphate is degraded 
oxidatively via the hexose monophosphate cycle or 
the “shunt” pathway. In a number of steps, pentose 
phosphate is converted into fructose phosphate or 
glyceraldehyde-3-phosphate and recycled into glyco- 
lysis. The hexose monophosphate cycle is important, 
as it provides the NADPH needed for reduction of 
oxidized glutathiones. This reduction is catalyzed by 
glutathione reductase. 



Nonspherocytic Hemolytic Anemias. Dacie et al. (1953) 
[67] defined a group of hemolytic anemias which 
they described as nonspherocytic, as contrasted to 
hereditary spherocytosis. The patients suffer from in- 
creased hemolysis and its consequences, including 
jaundice of varying degrees, slight to moderate sple- 
nomegaly, and an increased occurrence of gall stones. 
Contrary to the findings in hereditary spherocytosis 
(182900), osmotic fragility of the red cells was not in- 
creased, and there was no qualitative hemoglobin ab- 
normality. On the basis of refined hematological cri- 



Genes and Enzymes 265 



teria the condition was considered heterogeneous, 
but the findings in the various forms overlapped to 
some extent. Full analysis had to await development 
of enzymatic methods. 

Enzyme Defects in the Glycolytic Pathway. Between 
1961 and 1975 genetic defects were described for 11 of 
the 13 glycolytic enzymes. In at least eight of these, a 
causal relationship with hereditary nonspherocytic 
hemolytic anemia was shown - in some cases with 
additional disturbances in the central nervous system 
and muscles. In general, a critical reduction in en- 
zyme activities leads to accumulation of the metabo- 
lite prior to and diminution of the metabolite after 
the block. Secondary effects such as ATP reduction 
can be expected in some deficiencies. Due to the in- 
ternal regulatory capacity of the system, however, di- 
rect inferences from metabolic, clinical, and hemato- 
logical findings as to the nature and degree of the en- 
zyme defect are often misleading. In addition, the ex- 
aminations are usually carried out in an erythrocyte 
population, which comprises a larger proportion of 
young red cells. Since enzyme activities are often 
higher in young than in old cells, enzyme deficiency 
may be overlooked. 

Some observations of a more general significance for 
human enzyme defects can be made using these ex- 
amples. 

Blood Is Readily Available for Examination. For al- 
most every step of the glycolytic pathway in erythro- 
cytes, enzyme deficiencies are now known. This is in 
striking contrast to other pathways, for which little if 
any evidence of such deficiencies is available. One 
obvious reason is that the affected tissue - blood - 
is readily available for examination. Repeated vene- 
punctures are not unreasonable impositions on pa- 
tients, as compared, for example, to skin, let alone 
brain biopsies. Moreover, the erythrocytes are specia- 
lized cells that contain only a portion of the enzyme 
system found in other cells. This restriction in the en- 
zymatic makeup reduces the number of possibly 
affected reactions and facilitates analysis. These ad- 
vantages of blood - especially red blood cells - have 
been widely exploited, as testified by the work on glu- 
cose-6-phosphate dehydrogenase and especially on 
the hemoglobin molecule, which provides the leading 
paradigms on molecular aspects of gene-determined 
proteins (Sect. 7.3) and on natural selection in human 
populations (Sect. 12.2.1.6). 

Analysis at the Enzyme Level Reveals Genetic Hetero- 
geneity. It is shown in Sect. 4.3.5 that analysis of ge- 
netic heterogeneity meets with severe limitations at 
the phenotypic level. If two conditions both have an 
autosomal-recessive mode of inheritance, and the 



overlap of phenotypic manifestations is fairly strong, 
the only clue to heterogeneity would be a mating of 
two affected homozygotes with only normal unaffect- 
ed children (Chap. 4.3.5). Once the analysis is carried 
out at the enzyme level, genetic heterogeneity is ob- 
vious under the following conditions: 

a) All the enzyme defects in the glycolytic pathway of 
red blood cells as described in Fig. 7.3 lead to very 
similar hemolytic anemias. One source of genetic 
heterogeneity is the fact that mutations of differ- 
ent genes determining the various enzymes of a 
given pathway may have similar or identical phe- 
notypes. This conclusion could also be made 
using the example of the glycogen storage disea- 
ses. 

b) A second source of heterogeneity is provided by 
the many ways in which an enzyme that is deter- 
mined by one gene may change its properties due 
to various mutations. The more methods for ex- 
amining enzyme properties are applied, the more 
differences are exposed. Genetic heterogeneity at 
a given locus is of course expected since the num- 
ber of mutations causing amino acid substitutions 
and deletions is very large (Sect. 7.3.5), as shown 
by analyses at the gene-DNA level. 

Residual Activity Is Found Among Homozygotes In Al- 
most All Enzyme Defects. Studies on enzyme activ- 
ities of homozygotes for glycolytic defects have found 
residual activity sometimes of considerable magni- 
tude. In some instances, this may have been caused 
by the activity of another enzyme which catalyzed 
the same metabolic step. Usually, however, the muta- 
tion does not change the protein to such an extent 
that enzyme activity is completely lost. This mainte- 
nance of residual activity has been claimed by Kirk- 
man [147] to be a general property of many or most 
human enzyme deficiencies, quite contrary to bacter- 
ia, in which many mutations lead to complete enzyme 
blocks. This phenomenon may partially be due to se- 
lection for survival. For example, it is easy to imagine 
that the complete genetic block of an enzyme in a key 
metabolic sequence would be lethal for the indivi- 
dual. In bacteria, on the other hand, mutants are ob- 
served principally when enzyme activity has been en- 
tirely or almost entirely lost. A mutant with an in- 
complete block (“leaky” mutant) often manages to 
survive on a minimal medium. 

The principal difference between human and bacte- 
rial mutations is their mode of ascertainment. Bacte- 
rial mutations are usually found by the failure of bac- 
terial cultures to grow under certain culture condi- 
tions. Most human mutations causing enzyme defi- 
ciency are detected in patients with disease. When 
appropriate techniques are used to screen all types 
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of bacterial mutations, the expected range of different 
structural mutations similar to human structural en- 
zyme mutations are found. The difference between 
residual activity in man and microbes, particularly 
if one allows for lethality of mutations of key en- 
zymes in man, may therefore be largely spurious. 

Clinical Findings Caused by an Enzyme Defect De- 
pend on the Normal Activity of This Enzyme in a 
Variety of Different Tissues. Multiple forms of a given 
enzyme may occur within a single organism or even 
in a single cell. These are called isozymes. Isozymes 
may be generated by secondary alterations of the en- 
zyme in the tissue and in such cases are of nongenet- 
ic origin. Genetically determined isozymes owe their 
origin to various genetic loci coding structurally dis- 
tinguishable polypeptide chains that may have a 
common origin in evolution (Sect. 14.2.3). The term 
isozyme has also been applied to allelic variants at a 
single genetic locus that are detectable by electro- 
phoresis. Isozymes are known for many enzymes. 
They catalyze the same overall reactions but are 
usually adapted to slightly different conditions under 
which these reactions occur in various tissues. Since 
the differences in intracellular milieu are small and 
largely unexplored, it cannot be predicted on theo- 
retical grounds for which enzymes isozymes may ex- 
ist. 

Enzyme defects are due to mutations affecting single 
genes. Therefore they usually affect only one in a se- 
ries of isozymes. If more than one isozyme is affect- 
ed, these variant isozymes may share a common 
polypeptide chain, or secondary effects on enzyme 
structure have occurred. 

An enzyme deficiency caused by a mutation of a gene 
that is active in only one tissue affects the phenotype 
of its carrier in a different way from an enzyme defi- 
ciency affecting many tissues. Gene mutations may 
show pleiotropy, i.e., a single mutation may have 
many different consequences in a single individual. 
An enzyme deficiency affecting more than one tissue 
is expected to have a pleiotropic effect. This is one 
mechanism of pleiotropy, but certainly not the only 
one. Even if an enzyme - or any other protein - is ac- 
tive in only one tissue, its deficiency may affect other 
tissues by perturbations induced by the primary de- 
fect. However, an enzyme defect that is found in all 
tissues sometimes leads to a phenotypic anomaly in 
one tissue only - probably because the defect can be 
compensated more easily in other tissues. 

The enzyme deficiencies presented in Fig. 7.3 show ex- 
amples for all types of pleiotropism. For example, 
phosphofructokinase (PFK) deficiency (step 3) leads 
in some cases to relatively mild nonspherocytic he- 
molytic anemia. Here the pleiotropic pattern consists 
of mild anemia, slight jaundice, and mild splenome- 



galy. All these symptoms can be explained by a shor- 
tened life span of the red blood cells. Patients in other 
families have had very mild hemolytic anemia and 
severe myopathy associated with glycogen storage 
disease. Muscle and erythrocyte forms of phospho- 
fructokinase differ from each other, as shown by elec- 
trophoresis, chromatography, and immunology. The 
isozyme pattern seems to be fairly complicated; even 
within erythrocytes at least two enzyme components 
have been found [128]. The differences in patterns of 
pleiotropic action between families can in principle 
be explained by mutations in genes determining 
polypeptide chains that may either be present or ab- 
sent from tissue-specific isozymes. 

However, an enzyme deficiency can be present in all 
examined tissues but the primary phenotypic effects 
still be confined to a single tissue. Glucose phosphate 
isomerase deficiency (step 2) is one example. In pro- 
bands ascertained via the erythrocyte defect the ac- 
tivity of this enzyme is usually reduced similarly in 
leukocytes, thrombocytes, fibroblasts, muscles, and 
liver. In all these tissues, the enzyme appears to have 
the same biochemical properties. In spite of thorough 
examinations there is no hint of tissue-specific en- 
zymes. Nevertheless the erythrocyte defect domi- 
nates the pattern of clinical manifestations. Patients 
suffer from severe hemolytic anemia which may pre- 
sent at birth as severe jaundice. Many different struc- 
tural mutations affecting glucose phosphate isomer- 
ase have been detected, and compound heterozygotes 
for these defects are frequent. On the other hand, not 
all enzyme deficiencies cause any disease at all; they 
might not be associated with any detectable signs 
[26]. 

Pyruvate Kinase Deficiency (266200). Pyruvate ki- 
nase deficiency (step 11) is the most frequent defect 
of a glycolytic enzyme in red blood cells. Homozy- 
gotes may show a wide range of hematological symp- 
toms. Some patients have a fully compensated non- 
spherocytic hemolytic anemia while others suffer 
from severe and repeated hemolytic episodes. Some 
features seem to be undisputed: 

a) Homozygotes usually have a residual activity of 
about 5%-20% of the normal enzyme activity. 
Heterozygotes have values around 50% and are 
clinically healthy. 

b) Examination of qualitative enzyme characteristics 
such as kinetic properties, nucleotide specificity 
for ADP and UDP, temperature stability, urea sta- 
bility, pH optimum, and isoelectric point have ex- 
posed the existence of many variants with differ- 
ent properties. It is very difficult from enzyme as- 
says to draw conclusions as to whether affected 
patients are truly homozygous for the same var- 



Genes and Enzymes 267 



iant or have two different defective alleles (“com- 
pound heterozygotes”; Sect. 4.1.3, Fig. 4.12). Here 
molecular studies are necessary. 

Enzyme Activities and Clinical Symptoms in Hetero- 
zygotes. For most of the glycolytic defects of Fig. 7.3 
determinations of enzyme activity have been per- 
formed in heterozygotes. As a rule, the activities are 
halfway between those of normal and those of defec- 
tive homozygotes. This finding exemplifies a rule 
that applies more generally: In most human enzyme 
defects analyzed so far heterozygotes show roughly 
50% of normal activity. Usually this amount of re- 
duction does not lead to any obvious clinical mani- 
festations; half the enzyme activity is sufficient to 
maintain function under normal circumstances. 

It is of great interest that heterozygotes in fact have 
only 50% of enzyme activity in most enzyme defi- 
ciencies, which in humans have usually been shown 
to be structural mutants. This finding clearly estab- 
lishes that the amount of enzyme activity is rigorous- 
ly specified by the structural gene locus specifying 
the enzyme activity under its control. Thus normal 
homozygotes who have two structural genes for the 
enzyme have 100% enzyme activity while heterozy- 
gotes have only 50%. The single normal gene in 
such heterozygotes is therefore unable to compensate 
for the mutant structural gene that produces an inac- 
tive gene product. This finding is of great importance 
for a consideration of gene regulation in mammals 
since it differs from regulatory phenomena in bac- 
teria. 

Aerobic Energy Production in the Red Cell: Hexose 
Monophosphate Pathway [21]. The left side of Fig. 7.3 
shows the aerobic pathway via the so-called hexose 
monophosphate cycle, also called the pentose phos- 
phate or shunt pathway. Its main function is to gener- 
ate reducing power in the form of NADPH. Glucose- 
6 -phosphate is oxidized through the action of glu- 
cose-6-phosphate dehydrogenase (step 12) [53] to 
6-phosphogluconate. Through various further steps 
d-ribose 5-phosphate is formed. 

Enzymatic reduction of oxidized glutathione (GSSG) 
oxidizes NADP. Reduced glutathione (GSH) main- 
tains SH groups in the reduced stage and may also 
help to protect the cell from damage by compounds 
such as H^O^. An inherited condition has become 
known in which GSH is completely lacking. The 
anomaly is caused by glutathione synthetase defi- 
ciency, which in some cases also leads to oxiproline- 
mia [128]. GSH deficiency leads to a nonspherocytic 
hemolytic anemia which is associated with drug sen- 
sitivity to oxidant drugs. Many drugs have an oxidiz- 
ing effect and stress the reductive capacity of the cell 
[205]. 



Deficiency of Glucose- 6 -Phosphate Dehydrogenase 
(305900) [25, 84, 169, 171]. A genetic block in the hex- 
ose monophosphate pathway (Fig. 7.3) that also mani- 
fests as increased drug sensitivity has gained special 
significance and has become one of the leading para- 
digms of pharmacogenetics. During the Korean War 
(1950-1952) United States soldiers received prophy- 
lactic treatment with the antimalaria drug prima- 
quine, a quinoline derivative. An intravascular hemo- 
lytic reaction was observed in about 10 % of black 
soldiers and in substantially fewer whites >i%o-2%o; 
usually of Mediterranean origin. Similar hemolytic 
reactions had been observed earlier in darkly pig- 
mented patients when drugs such as sulfanilamide 
and pamaquine were administered. Hemolytic reac- 
tions have long been known in Mediterranean areas, 
for example, Sardinia, occurring in some individuals 
after eating broad beans (Vida faba). 

Critical cross-transfusion studies of the life span of 
“primaquine- sensitive” red cells showed that the de- 
fect is intracellular, and that the older red cells are 
more susceptible to hemolysis in blacks. This ex- 
plains the short duration of the hemolytic reaction 
(Fig. 7.4). Once the older cells are destroyed, hemoly- 
sis ceases despite continuation of drug treatment. 

At first an immune mechanism was suspected. Later 
the sensitive cells were found to show glutathione in- 
stability on incubation with acetylphenylhydrazine. 
In 1956 Carson et al. [53] demonstrated the specific 
enzyme defect. The following reactions were exam- 
ined: 

a) GSSG + NADPH 

+ 2 GSH + NADP^ 

b) Glucose-6-phosphate 

+ 6-phosphogluconate 

dehydrogenase ^ r o 

+ NADPH -I- H^ 

c) 6-Phosphogluconate 

+ pentose phosphate 

dehydrogenase ^ ^ ^ 

+ CO, + NADPH + H+ 

The critical defect was found to be glucose-6-phos- 
phate dehydrogenase (G6PD) deficiency. Activity of 
GSSG reductase and 6-phosphogluconate dehydro- 
genase were normal. These studies clearly established 
G6PD deficiency as the cause of the hemolytic reac- 
tions in primaquine-sensitive men. 

It soon became obvious that men were more fre- 
quently affected with hemolytic reactions than wom- 
en. Before the G6PD defect was discovered, the gluta- 
thione stability test was used as an indicator of pri- 
maquine sensitivity; the quantitative assay using this 
test measures GSH before and after incubation of 



268 Gene Action: Genetic Diseases 




Fig. 7.4. Hemolytic reaction after treatment with primaquine. 
Within the first days of drug administration many erythro- 
cytes are destroyed by hemolysis. This leads to increased 
production of new erythrocytes; reticulocytes increase, and 

red cells with acetylphenylhydrazine. The results 
showed a clearly bimodal distribution of postincuba- 
tion glutathione values in 144 African-American 
males, with an appreciable part of the population 
having very low values. In 184 African-American fe- 
males the distribution of glutathione values was shift- 
ed to the left, and the number of persons with very 
low values was much lower than among males. This 
sex difference suggested an X-linked mode of inheri- 
tance, with very low values in male hemizygotes and 
female homozygotes; female heterozygotes had some- 
what intermediate values. The hypothesis of X-linked 
inheritance was soon confirmed by family studies 
[55]. Direct G6PD enzyme assays were carried out 
later in population samples and showed a similar dis- 
tribution, but the values among female heterozygotes 
were closer to halfway between normal and abnormal 
homozygotes (Fig. 7.5), with much overlap with nor- 
mals. 

Difference Between the African and Mediterranean 
Variants. Within a few years after discovery of the 
G6PD deficiency differences in severity of the defi- 
ciency between African and Mediterranean male car- 
riers became known. In red cells of Africans with 
G6PD deficiency a residual activity of 10 %-20 % was 



hemoglobin rises again. Hemolysis affects only red cells older 
than about 60 days; during therapy the red cell population 
consists of younger cells. (From Carson et al. 1956 [53] ) 



regularly found, whereas Mediterranean carriers 
showed only minimal activity (below 5%). In addi- 
tion, Africans had a nearly normal activity in their 
leukocytes, which was moderately or markedly re- 
duced in Mediterraneans. 

Electrophoretic methods were developed for exami- 
nation of affected enzyme proteins. The mobility of 
the normal wild-type enzyme was designated as B. 
In blacks with normal enzyme activities, an electro- 
phoretic variant with rapid migration was discovered 
in 20 % of males, which was designated as A. Blacks 
with enzyme deficiencies always had a G6PD band 
with strongly reduced activity and the mobility of 
the A variant. This was called A~. The variant of 
G6PD deficiency in the Mediterranean population 
(G6PD Med) migrated with mobility similar to nor- 
mal G6PD and therefore was sometimes referred to 
as G6PD B". In normal white populations G6PD mi- 
grated almost exclusively as the normal B component 
(Fig. 7.6). 

More Detailed Characterization of G 6 PD Variants. 
Many additional G6PD variants were discovered in 
various populations, and standardization of methods 
for classification became necessary. A proposal by a 
group of specialists in this field was published in 
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Fig. 7.5. Distribution of G6PD activities in males and females 
in a black population. Note almost perfect distinction be- 
tween affected and normals in males. (From Harris 1980 
[110]) 




B A BB BA AA BA“ AA^ A"A“ 

G-6-POtypes m black population 

Fig. 7.6. G6PD electrophoretic phenotypes in a black popula- 
tion. Males are hemizygous A, A", or B; females may be 
homozygous for any of these alleles or heterozygous for all 
possible combinations. The A“ bounds are indicated by thin 
lines since little staining occurs because of enzyme deficien- 
cy. Neither BB and BA“ nor AA and AA" types can usually 
be distinguished. (From Harris 1980 [110] ) 



1967 by the World Health Organization [23]. Accord- 
ing to this proposal, characterization of a variant 
should include the following: 

Red cell G6PD activity, electrophoretic mobility, sub- 
strate specificity for glucose-6-phosphate and 
NAD, use of substrate analogs, thermostability, and 
optimal pH for enzyme activity. The use of these 
techniques led to the definition of a large number 
(over 300) of G6PD variants. In many cases a small 
difference from normal in many enzymological char- 
acteristics led to the conclusion that a new and un- 
ique G 6 PD variant had been found. More recently. 



molecular techniques have revolutionized approaches 
to the study of G6PD. Instead of enzymological and 
electrophoretic study it is now easier to examine the 
DNA sequence of the G6PD gene. The resulting nu- 
cleotide changes found in G6PD variants are defini- 
tive and allow inferences regarding the nature of the 
amino acid substitutions. Virtually all G6PD muta- 
tions have been missense mutations producing amino 
acid replacements which, depending on the nature of 
the substitution, may or may not cause enzyme defi- 
ciencies. Total enzyme deficiency due to extensive de- 
letions has never been detected. Since G6PD is a 
“housekeeping enzyme” that is active in cells of all 
tissues, some residual G6PD activity is probably es- 
sential for embryonic survival. Mutations that lead 
to complete G6PD are therefore presumably lethal. 
Many mutations that appeared to be unique on bio- 
chemical study proved to be identical defects on 
DNA analysis. The total number of G6PD variants, 
which had been higher than that observed for any 
other protein, is therefore smaller than that which 
had originally been thought. 

G 6 PD Variants Observed in Human Populations. En- 
zyme variants may be classified as follows: 

a) Variants with enhanced enzyme activity. Only two 
such variants are known: G6PD Hektoen and 
G6PD Hartford. 

b) Variants with almost normal activity. One of these 
is the variant A mentioned above, which is found 
in about 20 %-25 % of the male population of tro- 
pical Africa and their American descendants. 

c) Variants with moderately reduced activity. These 
show activities between 10% and 50% among 
hemizygous males. Sensitivity to hemolysis-pro- 
voking drugs may occur; favism is not observed. 

d) Variants with severe enzyme deficiency and mild 
cornpensated hemolysis. A characteristic member 
of this group is the Mediterranean variant. 

e) Variants with severe enzyme defect and chronic 
hemolysis even without additional exposure to 
oxidizing agents. These variants lead to a congeni- 
tal nonspherocytic hemolytic anemia. 

More Incisive Biochemical and Molecular Analysis 
[25]. An X-linked mode of inheritance has been con- 
firmed for all variants for which family investigations 
have been carried out. This strongly suggests that all 
these mutations have indeed occurred within one 
gene locus, and that no other autosomal loci for red 
cell G6PD exist. Furthermore, all variants seem to be 
caused by different mutations within this structural 
gene. 

The active enzyme has a molecular weight of approx. 
120000 and consists of dimers. The subunits are 



2/0 Gene Action: Genetic Diseases 



polypeptide chains consisting of about 450 amino 
acids; their sequence has been analyzed [271]. By 
1993 the exact point mutation had been identified in 
at least 58 different variants, among them the A^, A“, 
and Mediterranean variants. 

G6PD activity has been shown to be present in most 
if not all tissue cells; there appear to be no tissue-spe- 
cific isozymes, and if there is a G6PD mutation, the 
altered G6PD can be demonstrated in all tissues. 
However, the clinical manifestations are limited to 
the red cells in practically all instances. 

Clinical Significance. In addition to drug-induced he- 
molysis observed in common G6PD variants and 
chronic nonspherocytic hemolytic anemia with cer- 
tain rare G6PD variants, several other hemolytic syn- 
dromes have been observed in G6PD deficiency. For 
example, favism or hemolytic anemia on ingestion 
of fava beans occurs only in subjects with G6PD defi- 
ciency. The condition is most severe in hemizygote 
males and has been widely observed in Mediterra- 
nean countries and China where fava beans are 
grown. 

Neonatal jaundice is occasionally seen in G6PD defi- 
cient (mostly male) subjects. The reason why only 
some G6PD-deficient individuals are affected is not 
entirely clear but may be related to hepatic immatur- 
ity, undefined exogenous hemolytic agents, or addi- 
tional genetic factors predisposing to jaundice. 

Lists of various drugs that can cause hemolysis or are 
safe in G6PD deficiency have been published [24]. 

Significance ofG6PD Variants for Understanding Hu- 
man Enzyme Deficiencies. The G6PD system has 
been an excellent model because males with an X- 
linked structural mutation exhibit only the mutant 
gene product. Furthermore, the relatively high fre- 
quency of some variants in certain populations has 
permitted a more thorough genetic analysis than is 
possible with many other human enzyme deficien- 
cies. 

Among the more general findings that also apply to 
other human enzyme defects are: 

The phenotypic consequences of the molecular chan- 
ges caused by mutations form a continuum: there are 
variants that do not alter the capacity for normal 
biological function at all and can be detected only 
by special methods. Defects of other variants are 
easily compensated for under normal conditions and 
lead to hemolysis only under special environmental 
conditions. Yet other variants manifest disease even 
in the absence of harmful environmental factors. 
Most variants are benign and do not cause disease. 
There is a bias in detecting variants associated with 
illness since patients with hemolytic anemia are 



more frequently examined for enzyme deficiency 
than normals. 

Most variants are quite rare, some having been iden- 
tified only in single individuals and their relatives. A 
few, however, have become frequent in some human 
populations; the reasons are discussed in 
Sect. 12.2.1.6. 

While there is evidence that most of these conclu- 
sions hold true for most if not all human enzyme de- 
fects, a further conclusion can be drawn concerning 
the location of this gene on the X chromosome. In 
most cells of female heterozygotes either one or the 
other of the two alleles is functionally active, the 
other having been inactivated. This inactivation can 
be used as a tool to examine problems of tumor for- 
mation and cell differentiation. It has been shown, 
for example, that uterine leiomyomata in women het- 
erozygous for two electrophoretic types of G6PD ex- 
hibit either one or the other of these G6PD types in 
the tumor. This finding can be explained by the ori- 
gin of all the cells of each tumor in a single cell. Simi- 
lar findings suggesting a so-called monoclonal origin 
of tumors have been made for most neoplastic pro- 
cesses (see Chap. 10). 

Phenocopy of a Genetic Enzyme Defect: Glutathione 
Reductase Deficiency [81, 82]. An enzymatic reaction 
related to the shunt pathway is the reduction of 
GSSG to GSH. The enzyme involved is glutathione re- 
ductase (see Fig. 7.3; step 13). The older literature in- 
cludes a number of observations of families with var- 
ious hematological disorders and alleged defects of 
this enzyme. However, the family data do not really 
fit the usual genetic hypotheses. More recently it has 
been shown that deficiencies of glutathione reductase 
are almost always due to a nutritional lack of the 
coenzyme flavin adenine dinucleotide. The cause is 
usually riboflavin (vitamin B^) deficiency; enzyme 
activity of glutathione reductase is normalized within 
a few days after administration of riboflavin to defi- 
cient individuals. 

This condition has been found to be frequent in 
northern Thailand and is caused by riboflavin defi- 
ciency in the customary diet. This example demon- 
strates that not every common enzyme defect in a 
population must be genetically determined. 

Some cases, however, reflect a genuine, genetically de- 
termined glutathione reductase defect [164]. We do 
know of other hereditary anomalies in humans 
caused by an abnormally high demand for a certain 
coenzyme that must be supplied as a therapeutic vita- 
min. X-linked vitamin D resistant rickets [267] (see 
also Sect. 4.14) and pyridoxal dependency with epilep- 
tic seizures are two examples. It may be that in some 
families glutathione reductase deficiency is related to 
genetically determined riboflavin deficiency. 
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Table 7.1. Etiology and pathogenesis of genetic diseases as elucidated by methods from molecular biology and biochemistry 
(modified from Scriver et al. [215]) 



Level of analysis Type of anomaly 

Altered DNA structure 1. Deletion mutations 

2. Missense mutations 

3. Splicing mutations 

4. Nonsense mutation 

5. Frame-shift mutations 

6. Gene duplications 

1\ Regulatory mutations 

(For these types of mutation, see Sect 9.4) 

S. Mutations by amplification of 
trinucleotides 

Disturbed protein function: enzymes 

L Absent activity 

a) Protein detectable immunologically 

b) No protein detectable imrnunologically 

2 . Reduced activity 

a) Decreased affinity for substrates 

b) Decreased affinity for cofactors 

c) Unstable structures 

3. Enhanced activity 

4. Defect of enzyme activator protein 

5. Reduced availability of cofactors 
Disturbed protein function: nonenzymic proteins 

6. Defective posttranslational modification 

7. Enhanced tendency to aggregation 

8. Defective receptor binding 

Disrupted cell and 1 . Altered flux through metabolic pathways 
organ function a) Accumulation of a toxic precursor 

(catabolic pathway) 

b) Deficiency of product (anabolic pathway) 

c) Overproduction of product (anabolic 
pathway) 

2. Disordered feedback regulation of synthetic 
pathways 

a) Overproduction of end product due to 
decreased synthesis or availability of 
feedback regulator 

3. Disordered membrane 
function 

a) Deficient transmembrane transport 

b) Deficient receptor- mediated endocytosis 

c) Deficient generation of second messenger 

4. Disordered intracellular comparti mentation 

a) Accumulation of unprocessed protein 

b) Mislocation of protein 

5. Distorted cellular tissue architecture 

a) Alteration of cell shape 

b) Alteration of organelle structure 

c) Alteration of extracellular matrix 



Example 

a Thalassemia, Lepore hemoglobins, hemo- 
philias 

Sickle- cel I disease 
Some § thalassemias 
Some ^ thalassemia variants 
Hemoglobin Wayne 

Hemoglobin Grady; anti -Lepore hemoglobins 
Some ^ thalassemias 

Myotonic dystrophy 



Some variants of Lesch-Nyhan syndrome 
Most variants of Lesch-Nyhan syndrome, var- 
iants of homocystinuria 

G-6-PD deficiency, Freiburg variant 
Homocystinuria (pyridoxine-responsive type) 
G-6-PD deficiency, some variants 
G-6-PD Hektoen variant 
AB variant of gangliosidosis [ 146] 
Pyridoxine (vitamin B^) dependency 

a, -Antitrypsin deficiency, ZZ variant 
Sickle ceil disease 

Familial hypercholesterolemia; testicular 
feminization 

Phenylketonuria; mucopolysaccharidoses and 
other lysosomal defects 
Various types of hypothyroidism with goiter 
Rare form of gout due to altered PRPP 
synthetase 



Acute intermittent porphyria, familial hyper- 
cholesterolemia 



Cystinuria, hereditary spherocytosis 
Familial hypercholesterolemia, receptor- negative 
and receptor- defective variants 
Pseudohyp oparathy roi d is m 

apAntitrypsin deficiency, ZZ va riant 
I cell disease 

Familial hypercholesterolemia (internalization- 
defective varian) 

Sickle cell disease, hereditary spherocytosis 
I m mot lie cilia syndrome, especially Kartagener 
syndrome 

Epidermolysis bullosa, Pasini type, lysyl- 
hydroxylase deficiency 
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Mimicry of a genetic defect by an environmental in- 
jury is called a phenocopy - a term coined by Gold- 
schmidt (1935) [103]. A phenocopy is defined as the 
simulation of an inherited character by external fac- 
tors. Goldschmidt, treating wild-type Drosophila in 
various stages of development by heat shocks, suc- 
ceeded in producing numerous phenotypic abnorm- 
alities that were similar to variants usually produced 
by mutation. 

Phenocopy experiments have been carried out in 
many species and appear to offer insights into the 
mechanisms of normal embryonic development and 
the production of malformation. However, their ex- 
planatory power has been overrated. Nevertheless, in 
human metabolic diseases the possibility that a phe- 
nocopy may be present should be kept in mind, espe- 
cially since effective therapy may be available. 

From a genetic point of view a common phenocopy of 
a human metabolic disease is hypothyroidism due to 
lack of inorganic iodide - a frequent condition in 
the Alpine countries of Europe and in some other 
parts of the world. Here, deficiency of an essential in- 
organic ion leads to the same end result as defective 
synthesis of the thyroid hormone observed in some 
families as a consequence of any of a number of en- 
zyme defects in thyroid hormone synthesis (see 
Fig. 7.21). Nevertheless, while the clinical end results 
are similar, the pathophysiology of nutritional iodine 
lack and of genetically defective enzymes in thyroxin 
biosynthesis are different. 

Other Enzyme Defects. Analysis of enzyme deficien- 
cies not present in blood cells poses more difficulties. 
Many enzymes can be detected in fibroblasts grown, 
for example, from skin biopsies. In contrast to red 
cells, the fibroblasts contain nuclei. They are able to 
divide and to carry out all stages of protein synthesis. 
Their enzymatic endowment is much more complete 
than that of red cells. Fibroblasts sometimes lack 
only those enzymes that are confined to single 
groups of specialized cells, such as liver cells (i.e., 
phenylalanine hydroxylase deficient in phenylketo- 
nuria). Deficiencies of enzymes for many different 
metabolic pathways manifest in fibroblasts. This is 
why enzyme assays from cultured fibroblasts have 
brought much progress to our knowledge of enzyme 
defects. 

Only a single group of diseases is discussed, which 
permits some general conclusions regarding proper- 
ties of human enzyme deficiencies. These are the mu- 
copolysaccharidoses, which are classified with the 
larger group of conditions due to deficiencies of lyso- 
somal enzymes, other subgroups being the sphingo- 
lipidoses and mucolipidoses. 



7.2.23 Mucopolysaccharidoses 

Deficiencies of Lysosomal Enzymes. Enzymes or en- 
zyme systems are usually located in one distinctive 
cell compartment. For example, the enzymes of elec- 
tron transport and oxidative phosphorylation as well 
as other oxidative enzymes for pyruvate, fatty acids, 
and some amino acids are located in the mitochon- 
dria. A number of hydrolytic enzymes are concentra- 
ted in organelles called lysosomes. If these enzymes 
are liberated by destruction of the lysosomal mem- 
brane, the entire cell is destroyed by self-digestion. 
Normally this digestion proceeds within the lyso- 
somes, which degrade not only defective cell particles 
and material from intercellular connective tissue but 
also external material taken up by the cell. Among 
the cell elements degraded by the lysosomes are mu- 
copolysaccharides, mucolipids, and sphingolipids 
(Fig. 7.7). Deficiencies are now known for many of 
the enzymatic pathways involved in this degradation 
[ 49 > 187]. 

The metabolic pathways causing red cell defects man- 
ifesting as hemolytic anemia were already known, 
and analysis of enzyme deficiencies in these pathways 
involved testing the known metabolic steps. The si- 
tuation was different with the mucopolysaccharido- 
ses. Here the genetic diseases were known first, and 
analysis of the enzyme defects led to elucidation of 
the enzymatic pathway. Therefore we start with a de- 
scription of these diseases and proceed stepwise to 
the biochemical defect, the enzyme defects, and the 
reconstruction of the normal pathway. This example 
shows how studying genetic diseases as experiments 
of nature contributes to the understanding of normal 
biochemistry and physiology. 

Mucopolysaccharidoses: Clinical Picture. Mucopoly- 
saccharidoses are rare diseases with complex and in 
most cases severe manifestations ranging from ab- 
normalities of the skeletal and vascular systems to 
impairment and deterioration of mental functions. 
The clinical symptoms result from excessive and pro- 
gressive storage of sulfated polysaccharides in var- 
ious tissues. 

These disorders have been classified into seven dis- 
tinct categories on the basis of clinical, genetic, and 
biochemical evidence. Table 7.2 presents this classifi- 
cation together with the major clinical findings. 
With the exception of type II (Hunter), the mode of 
inheritance is autosomal-recessive. The clinical 
symptoms range from very severe to relatively mild 
forms. For type II (Hunter; 309 900) two forms have 
been described: a severe “juvenile” form in which 
death occurs before puberty, and a mild “late” 
form with mild or no mental retardation and a gen- 
erally better prognosis. Type VI (Maroteaux-Lamy; 
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Fig. 7.7. Schematic representation of a lysosome 
and its functional apparatus. The figure shows the 
functional cycle of a normal lysosome. 1 a, Golgi 
apparatus; 1 b, primary lysosome; 2, phagolyso- 
some; 3, secondary lysosome; 4, residual body. 
(Courtesy of Dr. W. Buselmaier) 




Table 7.2. Major clinical findings in the mucopolysaccharidoses (modified from Cantz and Gehler 1976 [49]; Spranger 1983) 



Mucopolys accharidosis 
Type*" Name 


Mental 
and motor 
retardation 


Growth 

retarda- 

tion 


Coarse 

fades 


Bone 

dysplasia 


Joint 

contrac- 

tures 


Hepato- 

spleno- 

megaly 


Corneal 

opacities 


Mode 

ofinheri- 

tance 


I H 


Hurler (1) 


+++ 


++ 


+++ 


+++ 


++ 


++ 


+ 


Autosomal- 


IS 


Scheie (1) 


- 


- 


± 


i- 




± 


+ 


recessive 


IH/S 


Hurler- Scheie 
compound (1) 


+ 


+ 


++ 


++ 


++ 


+ 


+ 




II A 


Hunter, severe ( 2 ) 


+ 


+ 


+ 




+ 


+ 


± 


X-linked 


II B 


Hunter, mild (2) 


± 


+ 


+ 


++ 


+ 


+ 




recessive 


III A 


Sanfilippo A (3 A) 


+++ 


- 


+ 


+ 


± 




_ 


Autosomal- 


III B 


SanfUippo B (3 B) 


+++ 


- 


+ 


+ 


± 


++ 




recessive 


me 


Sanfilippo C (3 C) 


+++ 


- 


+ 


+ 


± 


++ 




Autosomal- 


HID 


Sanfilippo D (3 D) 


+++ 


“ 


+ 


+ 


± 


++ 


- 


recessive 


IV 

V 


Morquio ( 4 ) 


Vacant 


+++ 


+ 


+++ 


+ 


+ 


+ 


Autosomal- 

recessive 


VIA 


M aroteaux-Lamy, 
classic form (6) 




-I-+ 


++ 


++ 


+ 




+ 


Autosomal- 

recessive 


VI B 


M aroteaux- L amy, 
mild form (6) 


- 




+ 


+ 


+ 


+ 






VII 


Sly ( 7 ) 


+ 


± 


± 


+ 


- 


++ 


± 


Autosomal- 

recessive 



Absent; ±, occasionally present; +, mild; ++, less severe; severe. The numbers in parentheses refer to the genetic blocks 
shown in Figs. 7.10, 7.11. 

® Classification of McKusick (1972) [163]; supplemented. 



253200) differs from type I (Hurler; 252800) in that 
there is normal intelligence and less pronounced 
facial dysmorphism. Here, two different subtypes 
have also been observed - one with a fairly rapid 
course and more severe clinical features, the other 



with a relatively slow progression. In both types car- 
diac impairment may lead to death. For type IV 
(Morquio) two subtypes have also been discovered 
- IV A with very severe, IV B with milder manifesta- 
tions. 
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Table 7.3. The metabolic defects in the mucopolysaccharidoses (from Cantz and Gehler 1976 [49]) 



Mucopolysaccharidosis^ Major storage substance Enzymatic defect 



1 H Hurler 

1 S Scheie 

I H/S Hurler-Scheie compound 

II A Hunter^ severe form 

II S Hunter, mild form 

III A Sanfilippo A 

III B Sanfilippo B 

III C Sanfilippo C 

III D Sanfilippo D 

IV Morquio A 

VI A Maroteaux-Lamy, classic form 

VI B Maroteaux-Lamy, mild form 

VII Sly 



Dermatan sulfate and heparan 
sulfate 

Dermatan sulfate and heparan 
sulfate 

Heparan sulfate 
Heparan sulfate 
Heparan sulfate 
Heparan sulfate 

Keratan sulfate 

Dermatan sulfate 
Dermatan sulfate 

Dermatan sulfate and heparan 
sulfate 



C£-L-Iduronidase 



Iduronate sulfatase 

Heparan N-sulfatase 
a- N- Acet ylglucosa m i n id ase 
a-Glucosaminidase (?) 

N- at- Glucos am i n e- 6 -su I fate sul fatase 

N-Acetylgalactosamine6-sulfatase 

N- Acet y Igalaciosamin e 4 -s ul fatase 
( aryls ul fatase B) 

fi-Ghic uron idase 



Classification of McKusick (1972); supplemented. 



Lysosome Storage and Urinary Excretion. Histochem- 
ical studies have shown that these conditions are stor- 
age diseases. In many cells - including fibroblasts, li- 
ver cells, Kupfer cells, reticulum cells of spleen and 
lymph nodes, leukocytes, epithelial cells of kidney 
glomeruli, and nerve cells - enlargement and vacuoli- 
zation is observed due to large quantities of stored 
material. The main storage compounds have been 
identified as sulfated glycosaminoglycans. 

Further clarification has come from electron-micro- 
scopic studies. The compounds were found to be 
stored in rounded vacuoles, similar to lysosomes 
seen in experimental animals that have been injected 
with nonmetabolizable substances. Therefore it was 
concluded that these vacuoles are lysosomes en- 
gorged with undigested or only partially degraded 
glycosaminoglycans [244]. This conclusion was con- 
firmed and extended to other tissues. The overload- 
ing of the lysosomal system led to classifying these 
disorders as lysosomal diseases even at a time when 
the metabolic defects were still unknown. The fact 
that the most important function of lysosomes lies 
in the hydrolytic degradation of macromolecules sug- 
gested that the storage results from deficiencies of ly- 
sosomal hydrolytic enzymes. Other evidence for a 
disturbed glycosaminoglycan metabolism came from 
the detection of an excessive excretion of these com- 
pounds in the urine. These excretion patterns reflect 
the basic metabolic lesions (Table 7.3). 

Biochemistry of Sulfated Glycosaminoglycans. The 
sulfated glycosaminoglycans are complex heterosac- 
charides consisting of long polysaccharide chains 
covalently linked to a protein core. In dermatan sul- 



fate, heparan sulfate, and chondroitin 4- and 6-sul- 
fates the polysaccharide chains are composed of alter- 
nating residues of uronic acid and sulfated hexos- 
amine. Keratan sulfate differs from the other glycos- 
aminoglycans in that the uronic acid residues are re- 
placed by galactose. The polymeric chains may be 
about 100 residues long and are bound to specific 
proteins via a distinct linkage region; several sugar 
chains are attached to the same polypeptide back- 
bone. Such proteoglycans may form even larger com- 
plexes through noncovalent bonds. Within the carbo- 
hydrate chains there is considerable variation of the 
constituent sugars, as well as in the degree of sulfa- 
tion. 

For example, the major part of the polysaccharide 
chain in dermatan sulfate is composed of repeating 
dimers of L-iduronic acid linked to 4-sulfated N-ace- 
tyl-galactosamine (Fig. 7.8). The other glycosamino- 
glycans have similar structures. They are constituents 
of connective tissue and the ground substance. 

In patients with mucopolysaccharidoses, the glycos- 
aminoglycans of connective tissue consist of the 
same large proteoglycan entities found in normal in- 




Fig.7.8. Dimer of L-iduronic acid and 4-sulfated AT-acetyl- 
galactosamine as found in dermatan sulfate 
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dividuals, indicating that the enzyme deficiency does 
not affect their synthesis. In the tissues in which ab- 
normal storage occurs, and also in the urine, the mo- 
lecules are smaller and of varying length. This sug- 
gests that the cell has cleaved as many linkages as 
possible before stopping at a residue for which the 
specific degradative enzyme is deficient. 

Enzyme Deficiencies. The most direct approach to in- 
vestigating the deficiency in a metabolic disorder is 
to define the compound whose metabolism is at fault 
and to measure the activities of the enzymes partici- 
pating in its turnover. This approach was followed in 
the analysis of the red cell defects described above. 
The investigation of the mucopolysaccharidoses was 
not simple, however, since neither the precise chemi- 
cal structure of the relevant glycosaminoglycans nor 
their normal catabolic enzymes were known. A sys- 
tematic study became possible when fibroblasts cul- 
tured from the skin of Hunter or Hurler patients 
were found to accumulate glycosaminoglycans. The 
most important step in further analysis was the de- 
monstration that the accumulation can be reduced to 
normal levels in vitro by a correcting factor from tis- 
sue fluids in culture. This was first shown by Neufeld 
et al. in 1968 [186]. It could be assumed that type I 
(Hurler) and type II (Hunter) are genetically different 
since the inheritance of Hurler syndrome was autoso- 
mally recessive, while Hunter syndrome was X- 
linked. The enzyme defect was therefore presumed 
to occur at different points in the pathway of muco- 
polysaccharide degradation. If it were possible to 
fuse the nucleus of a cell from a patient with Hurler 
syndrome with that of a patient with Hunter syn- 
drome (as has been accomplished by somatic cell ge- 
neticists for many different cell types) complementa- 
tion of each defect by the other should have resulted. 
During these experiments, however, the problem 
turned out to be much simpler. Cell fusion was not 
necessary. Hurler and Hunter cells were found to 
compensate each other’s defects when simply mixed 
in culture, and even when cells of one genotype were 
exposed to culture medium preincubated with the 
other. The accumulation of mucopolysaccharides 
was measured by Figure 7.9 shows these experi- 
ments. Compensation of one defect (Hurler syn- 
drome) could be achieved by cells with the other de- 
fect (Hunter syndrome) as well as by normal cells 
[90]. 

In the following years, such experiments were carried 
out with the other clinical types, and the correcting 
factors were characterized by means of biochemical 
methods. Fibroblasts from patients with Sanfilippo 
syndrome were found to fall in at least two groups, 
A and B, each deficient in a respective factor and 
thus able to cross-correct each other. (Later two addi- 




Fig. 7.9. Abnormal incorporation of in cells from Hun- 
ter and Hurler patients. Mixing of Hunter and Hurler cells 
with normal cells as well as mixing of Hunter cells with those 
of a Hurler patient leads to reduction of incorporated 
and the results are similar to those obtained with cells from 
a normal individual. (From Fratantoni et al. 1968 [90]) 

tional types were discovered, 3C and 3D). Hence, San- 
filippo disease was genetically heterogeneous. On the 
other hand, fibroblasts from patients with Scheie syn- 
drome proved deficient in the same factor as Hurler 
patients - in spite of the wide difference in clinical 
symptoms. 

All corrective factors were soon shown to be specific 
proteins, and upon more thorough analysis were 
identified as lysosomal enzymes involved in the de- 
gradation of sulfated glycosaminoglycans. In the elu- 
cidation of these enzyme defects, recent knowledge 
on the structure of the compounds was combined 
with analysis of the function of corrective factors 
and with direct attempts at identifying the en- 
zymes. 

The hypothesis to be tested was that the enzymes that 
are deficient in these disorders are specific for the 
different types of bonds occurring in the glycosami- 
noglycans. The predictions derived from this hypoth- 
esis have been confirmed. For example, when Sanfi- 
lippo A (252900) corrective factor was incubated in 
vitro with ^^S-labeled heparan sulfate isolated from 
Sanfilippo fibroblasts, a release of inorganic sulfate 
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was observed. Further investigations revealed that the 
factor was acting on the N-sulfate bond of heparan 
sulfate. The Hunter corrective factor, when incubated 
in vitro with 35 S-labeled dermatan sulfate or heparan 
sulfate isolated from Hunter fibroblasts, also cata- 
lyzed the release of inorganic sulfate. The Hunter 
gene is X-linked, and therefore the enzyme defect 
had to be different from that found in Sanfilippo A 
disease. Since the two glycosaminoglycans have occa- 
sional sulfated iduronyl residues in common, it was 
hypothesized that the Hunter correction factor is a 
sulfatase. This was confirmed using an artificial sub- 
strate. 

A different approach for elucidating the specific type 
of the enzyme block was to determine the nature of 
the terminal residues in the polysaccharide chains 
stored in these diseases. In Hunter disease, for exam- 
ple, the terminal residue of the stored dermatan sul- 
fate was shown to be sulfated iduronic acid. This was 
expected from the sulfatase defect suggested by the 
experiments with an artificial substrate. Therefore 
the experiment confirmed this defect. Moreover, it 
suggested that the glycosaminoglycans are normally 
degraded stepwise, and that this degradation is ar- 
rested if the enzyme for one step is lacking. As the se- 
quence of the monosaccharides in the chains varies, 
this stepwise process would explain the varying 
lengths of the polysaccharide chains stored in these 
diseases. 

The same basic methods were used to analyze the 
other enzyme defects; determination of the terminal 
residues invariably showed them to contain the bond 
for which the enzyme was lacking. The nature of 
these enzyme defects explained another property of 
the stored material: a single defect leads to storage 
of chemically different materials. For example, Hurler 
patients accumulate dermatan sulfate as well as he- 
paran sulfate. Both contain a-l-iduronic acid resi- 
dues. Hence the defect of an enzyme specifically di- 
rected at this residue causes the accumulation of 
both types of polysaccharides containing it. 

The result of these combined efforts is seen in 
Fig. 7.10 for chondroitined dermatan sulfate and 
Fig. 7.11 for heparan and keratan sulfate. The enzymes 
for which genetic blocks are known are noted. Ta- 
ble 7.3 shows the enzyme defects. 

Consequences for Understanding Genetic Heterogene- 
ity. In Sect. 4.3.5, the example of muscular dystrophy 
was used to show the way in which genetic heteroge- 
neity can be analyzed on the basis of genetic evi- 
dence - various modes of inheritance - and evidence 
from clinical characteristics such as age at onset, 
pattern of clinical manifestation, and severity of 
symptoms. In the mucopolysaccharidoses a striking 
interfamilial variability of all these indicators is 



found, whereas within the same family manifesta- 
tions usually are similar. Therefore a subdivision 
into various genetic types seemed logical and was 
in fact carried out before the enzyme defects were 
analyzed. How does this subdivision on the basis of 
“indirect” evidence from the phenotypes compare 
with the “direct” evidence from analysis of enzyme 
defects? 

By and large, the correspondence is satisfactory (Ta- 
bles 7.2, 7.3). However, there are two exceptions: 

1. From the clinical evidence, Sanfilippo disease 
would have been regarded as a single entity. How- 
ever, it was shown to consist of four different en- 
zyme defects. This experience has been repeated 
in the analysis of many metabolic disorders. Differ- 
ent defects within the same pathways may cause 
the same clinical picture. Other examples are the 
erythrocyte defects of glycolysis leading to non- 
spherocytic hemolytic anemia (Sect.7.2.2.2). 

2. On the other hand, the patterns of manifestation of 
the Hurler and Scheie types are very different, the 
course being much milder in Scheie disease. How- 
ever, the enzyme defect is identical. It appears that 
differences in residual activity of a-l-iduronidase 
account for the clinical findings. Patients with 
Scheie syndrome appear to have sufficient enzyme 
activity to support normal cell function in the cen- 
tral nervous system but not in tissues with high 
glycosaminoglycane turnovers. 

Studies such as those that were successful in eliciting 
genetic heterogeneity within the gene locus in G6PD 
deficiency are now being carried out in the muco- 
polysaccharidoses. Only four point mutations seem 
to have been identified at the gene-DNA level for 
types VI and VII; no deletion has been reported 



Fig. 7.10, 7.11. In addition to the mucopolysaccharidoses de- > 
scribed in the text, some other defects leading to mucolipido- 
ses (Sandhoff disease; M II gangliosidosis) were also indicat- 
ed. (From Kresse et al. 1981 [145]) 

Fig. 7.10. a Schematic representation of structure and catabo- 
lism of chondroitin sulfate. Sequential degradation starts 
from the nonreducing end (left). Designation of diseases 
caused by the inactivity of an enzyme is given in brackets. 
GlcUA, glucuronic acid; GalNAc, V- acetylgalactosamine; S. 
SO3H. b Schematic representation of structure and catabo- 
lism of dermatan sulfate, for details see legend to a. IdUA, 
Iduronic acid 

Fig. 7.11. a Schematic representation of structure and catabo- 
lism of heparan sulfate. For details see legend to Fig. 4.11 a. 
GlcN, glucosamine; GlcNAc, N-acetylglucosamine; IdUA, 
iduronic acid, b Schematic representation of structure and 
catabolism of keratan sulfate. For details see legend to 
Fig. 7.10 a. Galy gdactose; GlcNACy V-acetylglucosamine 
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[63]. The mutations present in double dose in a given 
patient affected with an autosomal-recessive disease 
have a common origin if the mutant allele comes 
from a common ancestor of both parents. This is 
often the case if the parents are relatives, for example, 
first cousins, or in genetic isolates (Sect. 13.4.1). In 
many other instances, however, the mutations found 
in the affected person have a different origin. Hence 
they are hardly ever identical. If the term “homozy- 
gote” were confined to individuals carrying two abso- 
lutely identical mutations, many or even most pa- 
tients with recessive diseases would not conform to 
the definition but rather would be considered “com- 
pound heterozygotes” (Fig. 4.10). A number of pa- 
tients have been observed with a clinical phenotype 
intermediate between the Hurler and Scheie types 
[228]. Fibroblasts were shown to be devoid of the 
Hurler correcting factor. Some of these patients may 
indeed have been compound heterozygotes for both 
the Hurler and the Scheie alleles. However, in at least 
four such families consanguinity of parents was ob- 
served. Since an increase of consanguinity cannot be 
expected in families in which two different alleles seg- 
regate, occurrence of a third, intermediate allele is 
likely. The problem will be solved by molecular stu- 
dies. 

Differential Diagnosis and Treatment of Mucopoly- 
saccharidoses. When mucopolysaccharidosis is 
suspected on clinical grounds, the putative diagnosis 
should be checked by examining for excessive urin- 
ary excretion of sulfated glycosaminoglycans [228]. 
Definitive diagnosis, however, depends on demon- 
stration of the enzyme defect, which can be studied 
in cultured fibroblasts, in leukocytes, and, for some 
enzymes, in the serum [49]. Prenatal diagnosis is 
possible, the gene being expressed in amniotic cells. 
However, since the number of amniotic cells that 
can be cultured in the available time is restricted, 
the number of enzyme determinations that can be 
performed is limited. Therefore every attempt should 
be made to arrive at an enzymatic diagnosis in the 
affected sib before prenatal testing. Once the defect 
has been established only the specific enzyme defi- 
ciency that has been identified in this sib needs to 
be looked for in the amniotic cells. 

The finding that enzymes can be taken up by defi- 
cient cells, thus correcting deficiency, appears en- 
couraging for attempts at enzyme therapy. So far, 
however, purified enzymes have not been available 
in sufficient amounts, and infusions of large amounts 
of plasma or leukocytes have led only to dubious, and 
in any case slight improvements. The uptake of lyso- 
somal enzymes into a cell is a highly specific process 
involving the presence of a particular recognition 
marker on the enzyme protein, which may be differ- 



ent for different tissues [186]. Still, the approach ap- 
pears promising. 

Defect of a Recognition Marker for Lysosomal Hydro- 
lases. In 1967 DeMars and Leroy described “remark- 
able cells” in cultures of skin fibroblasts from a pa- 
tient thought to have Hurler disease. These cells 
were filled with acid phosphatase positive inclusions 
that appeared dense under phase-contrast microsco- 
py. On the basis of the appearance of these inclusions 
the disease was named I cell disease. Its clinical phe- 
notype, while resembling the Hurler phenotype, is 
more severe; the mode of inheritance is autosomal- 
recessive. Fibroblasts from such patients are deficient 
in 13 -hexosaminidase, arylsulfatase A, and /? -glucur- 
onidase, whereas these enzymes were found in in- 
creased concentration in the culture medium. Initial- 
ly a membrane defect was suspected, but lysosomes 
from affected patients were shown to take up and re- 
tain normal enzyme at a normal rate. However, hy- 
drolases from I cells cannot be endocytosed by nor- 
mal cells. Therefore, the enzyme molecules them- 
selves are altered. They have been found to lack a re- 
cognition marker for endocytosis, i.e., mannose-6- 
phosphate. Normally mannose-6-phosphate residues 
are added after synthesis of lysosomal enzymes. The 
sugar compound acts as a signal allowing lysosomal 
enzymes to bind to a mannose-6-phosphate receptor 
that directs lysosomal enzymes into the lysosome, 
where they are activated. Because this processing en- 
zyme is lacking, most lysosomal enzymes in I cell 
disease lack mannose-6-phosphate. Instead of being 
taken up by the cell lysosomes via the specific recep- 
tor pathway the enzymes pass through the cell and 
are secreted into the plasma (Fig. 7.12). The multiple 
clinical defects in I cell disease can be explained by 
the single processing defect that fails to add the re- 
cognition marker mannose-6-phosphate to these en- 
zymes. 

Since the recognition site is common to several en- 
zymes, I cell disease is a condition in which a single 
gene defect causes more than one enzyme deficiency. 

Gaucher Disease (270800), a Glycolytic Storage Dis- 
ease. Normally there is a relationship between the 
type of mutation and its effect on the structure of 
the enzyme protein and the degree of clinical mani- 
festations. Some mutations have few effects on en- 
zyme stability and are therefore expected to have no 
or mild clinical effects. Other mutations affect critical 
sites of a protein and are therefore expected to pro- 
duce more severe effects. This rule, however, has re- 
markable and so far unexplained exceptions. In Gau- 
cher disease the sphingolipid ceramide accumulates 
in lysosomes and macrophages due to a deficiency 
of the enzyme glucocerebrosidase. Inheritance is au- 
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Fig. 7.12. Secretion and recapture of lysosomal hydrolytic en- 
zymes by normal and mutant cells grown in culture. Specific 
receptor proteins located at the plasma membranes of all 
three cells allow them to take up hydrolytic enzymes into 
their lysosomes. Hurler cells fail to make a-L-iduronidase, 



but the defect can be corrected when the enzyme is added to 
the medium. In I cell disease, all enzymes are present, but a 
recognition marker for their uptake and transport to lyso- 
somes is lacking. (Modified from Alberts et al. 1983 [3]) 



tosomal recessive. The clinical symptoms are accu- 
mulation of the metabolite in the liver, spleen, and 
bone. A great number of mutations have been identi- 
fied. They occur in linkage disequilibrium, with ap- 
propriate DNA markers pointing to a single origin 
for each of them. The condition is usually rare. How- 
ever, Gaucher disease of adult onset is common in the 
Ashkenazi Jewish population, where 5 % of the popu- 
lation are heterozygotes and one common variant ac- 
counts for 70 % of all Gaucher mutations in that po- 
pulation (see also [175 a]). Surprising differences in 
age at onset and severity of clinical signs are ob- 
served in an appreciable number of such homozy- 
gotes - even sometimes among siblings. Gaucher dis- 
ease is also the principal example of the success for 
enzyme therapy (see below). 
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Fig. 7.13. The branched-chain amino acids 



nation is that these enzymes are polymers composed 
of genetically different polypeptide chains and that 
the enzymes showing the defect have one polypeptide 
chain in common. 



7.2.2 A Enzyme Defects Involving 
More than One Enzyme 

In examples affecting energy supply of red blood cells 
or catabolism of glycosaminoglycans, one gene 
mutation leads to an alteration or deficiency of only 
one enzyme. These examples are thus in keeping 
with the one-gene/one-enzyme hypothesis. However, 
there are cases in which one mutation affects two en- 
zymes. In some of these the activity of one enzyme 
may be impaired by the deficiency of the other. 

Other cases in which both enzymes have a structural 
mutation, and enzyme activities in heterozygotes are 
reduced for both enzymes by about one-half cannot 
be explained in this way. Here, the most likely expla- 



Maple Syrup Urine Disease {Branched-Chain Ketoaci- 
duria; 248600) [210]. One recessive disorder in 
which no less than three functionally related enzymes 
are deficient is maple syrup urine disease. This is a 
defect in degradation of the branched-chain amino 
acids leucine, isoleucine, and valine (Fig. 7.13). In the 
most frequent, classic type of the disease one ob- 
serves feeding difficulties, vomiting, hypertonicity, 
and a shrill cry in the first week of life. Loss of tone 
and apnea may intervene. Later, reflexes are lost; the 
child frequently has seizures and may die in early in- 
fancy. Untreated children who survive suffer from se- 
vere mental retardation [214]. Apart from this classic 
type, “intermittent,” “mild,” and thiamin responsive 
types have been described. 
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Fig. 7.14. Two genetic blocks in adjacent 
steps of the synthesis of the pyrimidine 
base uracil. Both blocks are seen in orotic 
aciduria 



Enzyme analysis shows transaminase activities that 
transform the three amino acids to the corresponding 
keto acids to be normal. The anomaly is found in the 
next step: oxidative decarboxylation. This step is de- 
termined for all three amino acids by a single en- 
zyme, a branched chain decarboxylase - a large mul- 
tienzyme complex located on the outer face of the in- 
ner mitochondrial membrane. It consists of four se- 
parate proteins; in patients with classical maple sugar 
urine disease one of these components (Eia) is al- 
tered [80]. There have been various reports on simi- 
lar diseases with alteration of other components [57, 

79]. 

Other Metabolic Defects Involving More Than One En- 
zyme. Other metabolic defects in which one genetic 
block involves two enzymes of one metabolic path- 
way include orotic aciduria (258900), a deficiency in 
the formation of uridine, a ribonucleic acid precursor 
from orotic acid. The two genetic blocks are seen in 
Fig. 7.14. Enzyme activites in heterozygotes are re- 
duced by about one-half for both enzymes. This rules 
out a secondary effect of the one enzyme on the ac- 
tivity of the other and argues in favor of one gene 
being involved in both reactions. 

In at least one homozygous case the altered electro- 
phoretic mobility and higher thermolability of the 
second enzyme, the decarboxylase, show that the en- 
zyme defect must be structural. It turned out that 
each reaction is performed by a discrete domain 
within the macromolecule, but all the domains are 
part of a continuous amino acid sequence [113]. In 
Sandhoff gangliosidosis, on the other hand, the com- 
bined defects of hexosaminidase A and B have been 
traced back to a mutation affecting their common 
subunit, the )8-chain [208]. 

A number of patients with simultaneous deficiencies 
of vitamin K dependent coagulation factors II, VII, 
IX, and X have been observed. These are caused by a 
defect in posttranscriptional modification [106]. 



A Fresh View on the One-Gene/ One-Enzyme (or One- 
Gene/One-Polypeptide) Hypothesis [92]. As noted, 
single enzyme defects affecting more than one en- 
zyme may sometimes be explained by a common 
subunit in different enzymes. They are structural mu- 
tants. 

Another important aspect of enzyme formation is 
posttranslational processing. Human sucrase-isomal- 
tase, for example, comprises two polypeptide chains, 
each with a specific enzyme activity. The two chains 
are derived from proteolytic cleavage of a single pre- 
cursor macromolecule [220]. The proinsulin mole- 
cule must also be processed to form functionally ac- 
tive insulin. 

More detailed evidence for the formation of peptide 
molecules from a longer precursor protein is now 
available for a number of small peptides in the brain 
- the enkephalins and endorphins. In these cases, 
precursor molecules are tailored according to cell 
type and the stage of cell development, one possible 
mechanism of differentiation during embryonic de- 
velopment. 

Functionally important modification of molecules 
occurs not only at the posttranslational level but also 
at levels closer to gene action. As explained in greater 
detail in Sect.3.1.3.6, mRNA is formed first from the 
entire gene, including introns. Intron sequences are 
then spliced out, and the mature mRNA leaves the 
nucleus. The splicing process may be modified de- 
pending on the state of differentiation and function 
of the cell, leading to different genes and proteins. 
This “alternative splicing” is discussed in detail in 
Sect. 8.1. Even the gene itself may be modified. Such 
modification was analyzed in the immune globulin 
genes (Sect. 7.4). These results do not detract from 
the heuristic value of the one-genel one- enzyme hy- 
pothesis for most cases. 

A special situation in which several enzymes are func- 
tionally disturbed by one mutation occurs when up- 
take, transport, or binding of cofactors is disturbed. 
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7. 2.2.5 Influence of Cofactors on Enzyme Activity 

[ 214 ] 

Enzyme Cofactors. Many enzymes need nonprotein 
molecules as cofactors for their activity. These cofac- 
tors may be simple ions, for example, or organ- 
ic compounds. If the cofactor is a more complex com- 
pound, it is known as a coenzyme. Precursors of 
coenzymes must be supplied by nutrition and are 
traditionally called vitamins. Often a vitamin acts as 
a precursor for a coenzyme involved in many enzy- 
matic reactions; nutritional deprivation of vitamins 
leads to a vitamin deficiency state. 

Apart from exogenous deficiency, conditions showing 
decreased coenzyme function may also be due to ge- 
netic defects at various levels of vitamin uptake and 
utilization (Fig. 7.15). All vitamins must be taken up 
from the intestine, transported into the cells, and tak- 
en up into specific cell organelles. They must be con- 
verted into the coenzymes that in turn combine with 
the apoenzyme to form a holoenzyme. Any of these 
steps may be impaired by genetic blocks. The exact 
mechanism of vitamin uptake is known mainly for 
vitamin (cobalamin) and folic acid; for both sub- 
stances transport and coenzyme synthesis defects 
have been described. 

Folic Acid Dependency (229030, 249300, 229 050): De- 
ficiencies in Transport and Coenzyme Formation. 
Folic acid is composed of three residues - a pterin 
ring, p-aminobenzoic acid, and glutamic acid 
(Fig. 7.16). The amount needed daily is normally pre- 
sent in a large number of foodstuffs. There are five 



coenzyme forms of folate, all of which are concerned 
with the transfer of i-carbon units needed for DNA, 
RNA, methionine, glutamate, and serine synthesis. 
The principal steps of absorption and coenzyme for- 
mation are presented in Table 7.4. 

At least five inherited conditions have been described 
in which transport mechanisms or mechanisms of 
conversion into coenzymes are deficient (Table 7.5). 
Four of these show signs of marked central nervous 
system dysfunction including mental retardation, 
and two show megaloblastic anemia. Their most im- 
portant feature is that they can be treated successful- 
ly, provided that the condition has been diagnosed 
in time. In the intestinal absorption defect, for exam- 



Table 7.4. Steps of absorption and coenzyme formation 
Step Enzyme 



1. Conversion of polyglutamyl to 
monoglut amyl form 

2. Absorption by active transport 



3 . Transport to the tissues 

4 . Conversion of folate to the 
coenzymes: 

a) Reduction of the pterin ring: 
formation of tetrahydrofolate 

b) Conversion into five different 
coenzymes 



Conjugase enzyme 
(intestinal mucosa, 
stomach, pancreas) 

Duodenum and je- 
junum (exact 
mechanisms?) 



Five different 
enzyme reactions 




( 2 ) Defective transport of vitamin within cell ® Defective formation of holoenzyme 

Fig. 7.15. Mutations may interfere with vitamin-catalyzed reactions at several levels, from vitamin transport into the cell to en- 
zyme formation. (Adapted from Scriver and Rosenberg 1973 [214]) 



Fig. 7.16. Folic acid. From left to right, a pterin 
ring, /^-aminobenzoic acid, and glutamic acid 
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Table 7.5. Inborn errors of folic acid metabolism (From Scriver and Rosenberg 1973 [214] ) 



Phase of metabolism 
affected 


Nature of defect 


Manifestation of defect 

Serum folate Megaloblastic 

concentration anemia 


CNS 

dysfunction^ 


Folate 

requirement 
in vivo 


Intestinal absorption 


Undefined 


Low 


Yes 


Yes 


Normal 


Tissue utilization 


Form iminot ran sfe rase 
deFciency 


High 


No 


Yes 


Increased 




Cyclohydrolase 

deficiency 


High 


No 


Yes 


NR 




Dihydrofolate reductase 
deficiency 


Normal 


Yes 


No 


Increased 




N*®-methyltetra- 


Low- normal 


No 


Yes 


Increased 



hydro folate reductase 
deficiency 

NR, not reported. 

^ Includes mental retardation, psychotic behavior, seizures, EEG abnormalities, cerebral cortical atrophy. 



CH3OH 

HO HjC-C C -OH 



c -CH, 



Fig, 7.17. Vitamin (pyridoxine) 



pie, the folate requirement is normal; intramuscular 
instead of oral administration restores normality. In 
three of the four enzyme defects increased amounts 
of folic acid intake improved the metabolic situation, 
but it is unknown whether the central nervous sys- 
tem improvement could have been prevented had fo- 
lic acid been supplemented early in infancy. 
Deficiencies in coenzyme formation or uptake are ex- 
pected to affect more than one enzyme at a time - in 
fact, all enzymes on which this coenzyme acts. On the 
other hand, deficiencies in the last step, the ability of 
the protein apoenzyme to form a holoenzyme by 
combining with the coenzyme, affect only one en- 
zyme. They are more similar to the usual enzyme de- 
fects described in the foregoing sections. 

Pyridoxine (Vitamin Dependency (266100). Vi- 
tamin Bg is a substituted pyridine ring that occurs 
in several natural forms in widely varying food- 
stuffs (Fig. 7.17). In the cell these precursors are 
phosphorylated to pyridoxal-5'-phosphate or pyri- 
doxamine-s'-phosphate by a specific kinase. These 
phosphorylated compounds act as coenzymes for a 
great many apoenzymes, which regulate the catabo- 



lism of amino acids, glycogen, and short- chain fatty 
acids. 

Therefore it is not surprising that numerous defects 
exist which have pyridoxine dependence in common. 
All of these are rare, but it is important to diagnose 
them in time - before seizures have led to irreparable 
brain damage, since appropriate substitution therapy 
keeps these children healthy. In newborns suffering 
from unexplained seizures a therapeutic attempt 
with vitamin may be worthwhile even before a 
final diagnosis has been established. 

There are additional case reports in which high doses 
of a vitamin have improved the clinical and biochem- 
ical condition of patients. Further analysis of such 
diseases will be interesting theoretically, as it promi- 
ses new insight into the mechanism of coenzyme 
binding and action. It is also rewarding for medical 
practice since these conditions will respond most fa- 
vorably to therapy with high doses of vitamins. 

This general concept, which is well-founded for a few 
very rare inborn errors of metabolism, has been 
claimed to apply in a variety of more common diseases 
such as schizophrenia, cancer, and others. The evi- 
dence adduced so far, however, is not convincing. How- 
ever, milder deficiencies of this sort may exist and may 
contribute to the etiology of common diseases. Further 
work along these lines may be of interest. 



7. 2.2.6 X‘Linked HPRT Deficiencies (308000) 

Enzyme Defects as Tools for Some Basic Questions on 
Gene Action and Mutation. Some enzyme defects 
have proven useful as analytical tools for attacking 
problems of more general significance for our under- 
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standing of gene action and mutation. One group of 
defects has been utOized especially successfully: The 
HPRT deficiencies, which are classified with the de- 
fects of purine metabolism (Fig, 7,19). 

Lesch-Nyhan Syndrome. In 1964 Lesch and Nyhan 
[152] described a peculiar syndrome with athetosis, 
hyperreflexia, and compulsive self- destructive behav- 
ior involving the chewing-off of Ups or fingers [141]. 
All patients show hyperuricemia and excessive excre- 
tion of uric acid in the urine, which may lead to uric 
acid nephrolithiasis with obstructive uropathy. Only 
boys are affected; the mode of inheritance is X-linked 
(Sect 4-1.4). Heterozygotes can be identified but are 
not affected. 

In 1967 SeegmiUer et al. [218] discovered almost com- 
plete deficiency of one enzyme of purine metabolism, 
HPRT, in erythrocyte lysates from three patients and 



in cultured fibroblasts from another. The enzyme de- 
fect was then confirmed in other tissues such as liver, 
leukocytes, and brain. Various pathways lead to ino- 
sine-5-monophosphate in several steps. However, 
cells can also use preformed purine bases and nucleo- 
sides produced during the breakdown of nucleic 
acids. This ''salvage” pathway involves conversion of 
the free purine bases to their corresponding 5'-mono- 
nucleo tides. Two enzymes are involved, one specific 
for hypoxanthine and guanine, the other for adenine 
(Fig. 7,18), When the first enzyme is deficient, hypox- 
anthine and guanine are not recycled but are convert- 
ed into uric acid in large amounts. This leads to hy- 
peruricemia with kidney stone formation; it is not 
known, however, what mechanism produces the CNS 
symptoms. This enzyme defect, which can readily be 
examined in cultured fibroblasts, has been used to in- 
vestigate a number of problems. 



RIBOSE 5- P+ ATP 

to 

5- Phosphorl bosyl - 1 - pyrophosphate ( PRPPJ + Glutamine 




Fig. 7,18. Known enzyme defects in human purine metabo- 
lism. 1, Increased phosphor ibosylpyrophosphate synthetase 
activity in patients with overproduction of uric acid leading 
to gout. 2, Gross deficiency of hypoxanthine- guanine phos- 
phoribosyl transferase in children with Lesch-Nyhan disease 
and partial deficiency of the same enzyme in patients with 
overproduction of uric add and gout, 3, Adenine phosphori- 
bosy] transferase deficiency in patients with kidney stones 
composed of 2-8 dioxyadenine that are often confused with 
uric acid stones. 4, Xanthine oxidase deficiency in patients 
with xanthinuria who are at increased risk for xanthine urin- 
ary calculi and, occasionally, for myalgia caused by xanthine 
crystals in the muscle. 5, Adenosine deaminase deficiency as- 
sociated with a severe combined immunodeficiency state. 



6f Purine nucleoside phosphor ylase deficiency associated 
with isolated defect in T cells. 7, Purine 5'- nucleosidase activ- 
ity is low in lymphocytes of patients with agammaglobuline- 
mia that may be secondary to loss of B cells. Adenosine ki- 
nase deficiency has so far been developed only in the human 
lymphoblast cell lines. Its counterpart in patients is yet to be 
identified, p, Myoadenylate deaminase deficiency is associ- 
ated in some patients with development of weakness and 
muscle cramps after vigorous exercise and failure to show a 
rise in venous blood ammonia in response to muscle exer- 
cise. These enzyme defects provide excellent examples for 
the various, more and often less characteristic phenotypic 
consequences of different genetic blocks within the same 
functional network. (From SeegmiUer 1983 [217]) 
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Fig, 7*19, Possibilities for metabolic cooperation between 
HPRT- active and HPRT- deficient cells in cell cultures from 
heterozygotes* See text for details 



Molecular Heterogeneity. As evidenced by character- 
istics such as residual activity^ Michaelis-Menten con- 
stant, thermolability, end-product inhibition by GMP 
or IMP, and others, the mutations observed in the 
various families are usually different* Sometimes se- 
vere HPRT deficiency has been observed even with- 
out the clinical symptoms of Lesch- Nyhan syndrome. 
Moreover, partial HPRT deficiencies have been ob- 
served in some adult patients suffering from gout 
[140]. The great majority of gout patients, however, 
have normal HPRT The minority in which the abnor- 
mal enzyme is present show - as do those with the 
severe defect - an X-linked mode of inheritance. 
This is additional evidence that the same locus is in- 
deed involved* 

Evidence for X-Inactivation. Some of the best evi- 
dence supporting the Lyon hypothesis (Sect2*2*3*3) 
comes from analysis of enzyme activity in HPRT het- 
erozygotes at the cell level [144], These studies have 
also provided new insight into metabolic interrela- 
tionships between the cells of an individual. 

Metabolic Cooperation. Heterozygous carriers can be 
identified by studies on cultured skin fibroblasts* 
When fibroblasts are cloned, and enzyme activity is 
measured by autoradiography of the uptake of ^H^la- 
beled hypoxanthine into the cell, about half the 
clones show full HPRT activity, while the other half 
is deficient for this enzyme. However, in fibroblast 
cultures without cloning, the great majority of het- 
erozygote cells show some enzyme activity HPRT-de- 
ficient cells appear to have their metabolic defect cor- 
rected when in contact with normal cells [91I* This 
has been confirmed by artificial mixing of normal 
and defective cells in culture and is called “metabolic 
cooperation*” 



Three mechanisms for this cooperation are possible 
(Fig* 7.19}: 

1* Normal cells provide deficient cells with DNA or 
mRNA, thus enabling them to synthesize a func- 
tional enzyme protein. 

2* The deficient cells receive preformed enzyme* This 
possibility is suggested by the observation of cor- 
recting factors in the mucopolysaccharidoses 
(Sect 7,2*2. 3)* Incubation of cultured HPRT-defi- 
cient fibroblasts with ultrasound -mi need material 
from normal cells shows partial restoration of en- 
zyme function. 

3, Normal cells synthesize the nucleotide (the end pro- 
duct), which is transferred to the deficient cell* This 
mechanism is supported by most of the evidence* 
After deficient fibroblasts are separated from normal 
cells, they revert promptly to the mutant phenotype, 
although normal HPRT is stable for many hours un- 
der the experimental conditions. The problems of 
metabolic cooperation have also been studied in 
other experimental systems, leading to more detailed 
knowledge regarding the basic mechanisms. 

Other Problems Examined with HPRT Deficiency 
HPRT deficiency has proven to be a useful tool for in- 
vestigations of the mutational process: 

a) The possibility of identifying all hemizygotes and 
heterozygotes by enzyme determinations in fibro- 
blasts makes HPRT deficiency especially suitable 
for comparison of spontaneous mutation rates in 
the two sexes (Sect* 9.34), A great number of point 
mutations (single base substitutions) and quite a 
few small deletions have been identified up to the 
end of 1992 (approx, 40 point mutations, approx, 
10 deletions [63]), 

b) The gene is also expressed in amniotic cells* 
Therefore HPRT deficiency can be diagnosed by 
amniocentesis* 

c) Using an abnormal substrate, 8-azaguanine, a se- 
lective system for point mutations m fibroblast 
cultures has been developed that permits the ex- 
amination of problems of spontaneous and in- 
duced mutations at the cellular level* Normal cells 
metaboUze 8-azaguanine by HPRT and are killed* 
HPRT-defident cells cannot metabolize this com- 
pound and survive. 

Immune-Deficiency Diseases Associated with Adenosine Dea- 
minase and Nucleoside Phosphorylase Defects. Another defect 
of an enzyme which is involved in nucleoside metabolism 
leads to a different phenotype* This enzyme defect involves 
a rare variant of an enzyme for which a genetic polymorph- 
ism is also known. Defects in one or more components of 
the immune system can result in increased susceptibility to 
microbial infections. The classic disease in this category is 
X-linked hypogammaglobulinemia (300300), which is caused 
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by a maturation defect of B lymphocytes, B lymphocytes are 
the production sites of humoral antibodies, and their absence 
causes failure of y- globulin synthesis. T lymphocytes are in- 
volved in cellular immunity and are intact in this disease. 
With increasingly detailed knowledge of the immune system^ 
(Sect. 7.4 )j many more genetic immune defects have been de- 
scribed [215]. Enzyme defects related to metabolism of pur- 
ines, pyrimidines, and nucleic acids have been identified 
(Fig. 7.18), Combined immune deficiency can be caused by 
deficiency of adenosine deaminase (ADA; 242750) or of nu- 
cleoside phosphorylase (164050) [217]- 
ADA catalyzes the irreversible deamination and hydrolysis of 
the purine nucleoside adenosine to inosine and ammonia. 
Nucleoside phosphorylase catalyzes the conversion of the 
purine nucleoside inosine to hypoxanthine and that of gua- 
nosine to guanine. Tt has little activity in converting adeno- 
sine to adenine. These are key enzymes in DNA and RNA 
synthesis and breakdown. 

Adenosine deaminase - located on chromosome 20 (Sect 5^4) 
- exists as a polymorphic trait in the population, as demon- 
strated by starch gel electrophoresis. The common allele is 
known as ADA^ and a common variant as ADA^. ADA^ has a 
gene frequency of about 0.05 in Western populations. Several 
other rare variants of ADA have also been described, ADA 
deficiency is an autosomal -recessive trait. Affected children 
lack any ADA activity in their red cells and other tissues. 
Their parents usually have intermediate amounts of the en- 
zyme and are clinically normal. Some residual ADA activity 
can be demonstrated in affected patients. This defect has be- 
come well known because it was the first disease in which at- 
tempts at somatic gene therapy by introducing normal alleles 
into lymphocytes were carried out (Sect. 19.2). 

Nucleoside phosphorylase is specified by a locus on chromo- 
some 14, No polymorphisms exist at this locus, but several 
rare variants have been demonstrated. In affected patients, 
there is complete absence of nucleoside phosphorylase activ- 
ity while parents have the expected intermediate activity; in- 
heritance is autosomal -recessive. 

Patients with ADA deficiency usually have severe B and T cell 
dysfunction, while in nucleoside phosphorylase deficieucy B 
cell function and therefore immunoglobulin production ap- 
pears to be intact* T lymphocyte dysfunction as manifest by 
lymphopenia, failure of lymphocytes to respond to mitogens, 
and abnormal skin tests to a variety of antigens is striking in 
both ADA and nucleoside phosphorylase deficiencies. 

The exact biochemical mechanism by which these enzyme 
deficiencies produce immunological abnormalities is not 
dear. It has been speculated that ADA deficiency produces 
an accumulation of deoxy-ATP, which inhibits production of 
pyrimidine deoxyribonudeotides and therefore interferes 
with DNA synthesis, lymphocyte proliferation, and immune 
response. The mechanisms for nucleoside phosphorylase de- 
ficiency may be similar, 

7 , 2 , 2,7 Phenylketonuria: Paradigm for Successful 
Treatment of a Metabolic Disease [214^ 215] 

Metabolic Oligophrenia. Phenylketonuria (PKU) 
(261600) was first described by P0liing in 1934 
[86] in mentally retarded patients with a peculiar, 
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Fig* 7,20. Genetic block in phenylketonuria: ingestion of 5 g 
ii-L-phenylalanine leads to an increase of serum tyrosine in 
the normal but not in the phenylketonuric individual (Adap- 
ted from Harris 1959) 



“mousy” odor* The name was coined by Penrose 
(1935) [197]* It is now one of the best known inborn 
errors of metabolism in humans; the various aspects 
of this disease have repeatedly been reviewed [146, 
213 j 215]. Here only three main aspects are discussed: 
introduction of a low- phenylalanine diet as the first 
successful approach to alter the phenotype of a genet- 
ic enzyme defect by suitable manipulation of the en- 
vironment; the genetic heterogeneity of the condition 
as revealed by mass screening of newborns; and the 
problem of heterozygote detection and possible phe- 
notypic abnormalities in hetero zygotes. 

Enzyme Defect in PKU. l- Phenylalanine is an essen- 
tial amino acid. However, only a proportion of the 
normal intake of l- phenylalanine can be utilized for 
protein synthesis; the major part is oxidized primar- 
ily to tyrosine and a much smaller part to other me- 
tabolites, primarily phenylpyruvic acid. The parahy- 
droxylation of phenylalanine to form tyrosine is a 
complex reaction* The hydroxylase consists of two 
protein components, one of which is labile and found 
only in the liver (and possibly, with lower activity, in 
the kidneys), the other being stable and found in 
many other tissues. This stable component contains 
a pteridine as cofactor* 

PKU has been shown to be caused by complete defi- 
ciency of hepatic phenylalanine hydroxylase 
(Fig* 7,20) [127, 243]* The labile component of the en- 
zyme system is affected. More recent enzyme assays 
from liver biopsies have shown small residual activity 
(up to about 6% of normal) in about half the cases 
with classic PKU* Other types of hyper phenylalanine- 
mia with higher enzyme activities are discussed be- 
low* The hydroxylase reaction is one step in the meta- 
bolic pathways of phenylalanine and tyrosine for 
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which a number of genetic blocks are known 
(Fig.7.21). The gene is located on chromosome 12 
[270]. 

Dietary Treatment of PKU, Phenotypic damage due to 
a genetic block may be caused either by lack of a me- 
tabohte behind the block or by accumulation of a me- 
tabolite before of the block* Examples of the former 
include albinism and cretinism with goiter (Fig. 7.21). 
In PKU it soon became obvious that the abnormal- 
ities can hardly be due to tyrosine deficiency, for tyr- 
osine is usually available in sufficient amounts in 
food* On the other hand, the numerous metabolites 
found in the urine of PKU patients, along with a 
high increase in serum phenylalanine levels, indica- 
ted the opening of additional overflow pathways. 
This suggested therapy aimed at reducing phenylala- 
nine intake* Such an attempt was first made by Bickel 
in 1953 [29]: 

On the assumption that the excessive concentration of phe- 
nylalanine (or perhaps of some break-down products) is re- 
sponsible for the mental retardation found in this condition 
we decided to keep a girl, aged 2 years, with phenylketonuria 
on a diet low in phenylalanine. She was an idiot and unable 
to stand, walk, or talk; she showed no interest in her food or 
surroundings, and spent the time groaning, crying, and 



banging her head. The diet had to be specially prepared, be- 
cause a sufficiently low phenylalanine intake could only be 
atiamed by restricting practically all the nitrogen intake to a 
special casein (acid) hydrolysate , . ** This was treated with 
activated acid’ washed charcoal, which removed phenylala- 
nine and tyrosine. Tyrosine, tryptophane, and cystine were 
then added in suitable amounts . . *. 

The child was first treated in a hospital so that careful 
observations could be made* During a 4- week preli- 
minary period, when no phenylalanine was permit- 
ted, no definitive clinical change other than weight 
loss was observed. The characteristic musty smell 
disappeared, the levels of phenylalanine in plasma 
and urine fell to normal, the excretion of phenyl- 
pyruvic acid decreased, and the ferric chloride reac- 
tion in the urine, indicating phenylpyruvic acid, be- 
came negative (Fig. 7.22), 

Subsequently, presumably as the result of tissue 
breakdown, the biochemical abnormalities returned 
to some extent, along with generalized aminoacid- 
uria. Phenylalanine was therefore added in small 
amounts in the form of whole milk, a daily intake of 
o*3-o.5 g being found sufficient for normal weight 
gain, with greatly improved biochemical findings* 
During continued outpatient treatment there was a 
gradual improvement in the child's mental state over 




Fig* 7.21* Genetic blocks in metabolic pathways of some aro- 
matic amino acids. The diagram is oversimplified. Genetic 
block leading to phenylketoimria, albinism, alcaptonuria, 



tyrosinosis, and three types of hereditary cretinism are in- 
cluded 



Genes and Enzymes 287 



Fig,7*i2* First metabolic studies in 
a phenylketonuric child treated 
with a phenyl alanine- free diet. Ser- 
um and urine phenylalanine were 
reduced quickly to normal values. 
Administration of 4 g phenylala- 
nine per day led to a quick increase 
of phenylalanine level. (From Bickel 

1954 U9I) 




Dec. Jan. Feb March Nov. Dec. 

1951 1952 



the next few months; she learned to crawl> her eyes 
became brighter, her hair grew darker, and she no 
longer banged her head or cried continuously 
To determine whether this improvement was real an 
experiment was undertaken by adding 4 g phenylala- 
nine per day to the diet. This resulted in a definite de- 
terioration in the child's condition, which was soon 
reported by the mother. The study was repeated in 
the hospital under controlled conditions (Fig, 7,22) 
and again led to the expected biochemical and clinical 
changes. This case demonstrated the beneficial effects 
of a loW“phenylalanine diet. In the same paper the au- 
thors stated that ""[F]urther controlled trials are being 
made, special attention being paid to the very young 
children, who are likely to benefit most/' 

The success of dietary treatment was soon confirmed 
by other groups. The evidence is now quite substan- 
tial that the diet does indeed have marked beneficial 
effect on the development of the PKU patient. There 
are, however, two qualifications: 

1. To prevent brain damage the diet should be started 
as soon as possible within the first few weeks of life. 

2, The metabolic status of the child, especially phenyl- 
alanine levels, should be monitored carefully. 



Lifelong treatment is not necessary since the adult 
brain appears resistant to the abnormal metabohte 
concentration found in PKU. 

A number of women with treated PKU have had chil- 
dren, In spite of the fact that these children are only 
heterozygous, about 90 % of them showed signs of se- 
vere mental retardation [151]. Some other birth de- 
fects such as congenital heart disease have also been 
seen frequently. Hence, maternal hyperphenyialani- 
nemia is harmful for the development of the fetus. A 
carefully controlled low- phenylalanine diet for all 
PKU patients immediately from the beginning of 
pregnancy appears mandatory to prevent this com- 
plication. This is a serious public health problem 
since careful search for the rare, previously treated 
PKU patients becomes necessary to avoid almost cer- 
tain mental retardation in their offspring. Similar 
problems may arise with other treatable inborn er- 
rors of metabolism. 

Genetic Heterogeneity of PKU. The possibility of suc- 
cessful treatment in early infancy before the appear- 
ance of clinical symptoms has led to the introduction 
of screening programs for newborns. In most Wes- 
tern industrialized countries, where PKU has a fre- 
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Fig- 7*23* A strain of bacillus subtilis requiring phenylalanine 
for growth is incubated in an agar plate* The strain is able 
to grow only if the phenylalanine level of the test blood is in- 
creased* This leads to a bacterial growth around the blood 



spot. The diameter of the growth area is related directly to 
blood phenylalanine level a. Standard phenylalanine concen- 
trations from left to right; b, normal specimens; c, abnormal 
specimens between 6 and 12 mg/% (Courtesy Prof. H.Bickel) 



quency of 1 : 6000-^1: 20 000^ practically all newborns 
are now being screened* Since the screening method 
should be easy and inexpensive^ the so-called Guthrie 
test is used [108]* This is based on the growth, of phe- 
nylalanine requiring bacteria on a spot of blood con- 
taining phenylalanine above a certein threshold con- 
centration (Fig* 7*23)* Thus only blood from infants 
with high phenylalanine levels supports the growth 
of these bacteria. 

When systematic newborn screening began, it was 
soon apparent that not every infant in which high 
blood phenylalanine level is found has PKU. Many 
have a less severe hyperphenylalaninemia not leading 
to clinical symptoms. These infants had hyperpheny^ 
lalanemia which does not lead to mental retardation 
{non-PKU hyperphenylalanemia). This condition oc- 
curs with one-half the frequency of PKU (about 
1/20000-1/30 000 births). Treatment with a phenylala- 
nine-deficient diet is not required. Several rare hyper- 
phenylalanemias (1 or 2 per 1 000 000 births) are not 
associated with phenylalanine hydroxylase deficiency 
and are designated as malignant hyperphenylalane- 
mias because of their severity and nonresponsivness 
to the classical therapy. These conditions include dihy- 
dropteridine reductase deficiency, guanosine triphos- 
phate cyclase deficiency, and 6-pyruvyl tetrahydrop- 
terin synthase deficiency and are disorders of tetrahy- 
drobiopterin homeostasis (261 640) causing impaired 
hydroxylation of phenylalanine and tryptrophone. 
Not unexpectedly, cloning of the gene for PKU [206] 
revealed many different mutations, including mis- 



sense, deletions [63] and splicing mutations* Based 
upon hapiotype analysis of RFLP variants around 
the mutational site a multiple origin of even identical 
mutations was found, providing interesting hints for 
tracing population history. Non-PKU hyperphenyb 
alaninemia without clinical symptoms is also caused 
by mutations at the PKU locus* One factor influen- 
cing the extent of mutational impairment of the en- 
zyme is residual enzyme activity. Activity of 10 % ap- 
pears sufficient for normal somatic development. 
Most patients, except offspring of consanguineous 
matings, carry two different PKU mutations and are 
compound heterozygotes* Antenatal diagnosis is pos- 
sible by direct mutational analysis or by indirect link- 
age diagnosis with RFLP markers* While most cou- 
ples do not select this option, occasionally parents 
fear the difficulties of the required dietary treatment 
and choose selective abortion. 

The rare disorders of tetrahydrobioterin homeostasis 
that cause malignant hyperphenylalanemia do not 
map to the PKU locus. Antenatal diagnosis is possi- 
ble* At least for the variety caused by dihydropteridin 
reductase deficiency. 

7.2.2£ Heterozygate Detection 

Heterozygote Detection for PKU and Hyperphenylala- 
ninemia. As in other metabolic diseases, detection of 
heterozygotes is not only of theoretical interest but 
can be used in practice for genetic counseling of close 
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relatives, for example, sibs of PKU patients. Such un- 
affected sibs have a tw^o- thirds risk of being heterozy- 
gous. In earlier years heterozygotes were discovered 
mainly by phenylalanine loading tests. However, re- 
sults overlap to a certain extent between heterozy- 
gotes and normal homozygotes. At present the best 
method is detection of the mutants present in the af- 
fected child by direct examination of the gene. 

Health Status of Heterozygotes. At first glance hetero- 
zygous parents and sibs of PKU patients appear per- 
fectly healthy. Penrose [196], however, observed in a 
family of PKU patients a special type of mental illness 
of a depressive kind with onset at the age of about 
50 years in six relatives. He suspected that heterozy- 
gotes may run a higher risk of mental disease. In the 
past 50 years, however, the problem of possible dis- 
ease liabilities in PKU heterozygotes has received sur- 
prisingly little attention, and the few studies devoted 
to this problem often lack epidemiological sophistica- 
tion. The problem has been reviewed fairly recently 
h4?l 

Recognizable peculiarities in PKU heterozygotes have 
been reported: deviations in IQ and other psycholo- 
gical tests; a higher risk of mental disease; EEG ab- 
normalities; and disturbances in reproduction. The 
first three aspects are discussed in greater detail in 
Sect, 15.2 on behavior genetics. Suffice it to say at 
this point that the great majority of heterozygotes do 
not suffer from mental disease, but their risk of hav- 
ing a certain type of late-onset schizophrenia may be 
somewhat elevated. Moreover, a slight reduction in 
the average IQ - especially its verbal component - 
has been described, and minor EEG peculiarities ap- 
pear to be more frequent. According to some dispu- 
ted data, the risk of abortions and stillbirths may be 
enhanced. Interestingly, a few reports have asserted 
an abnormal elevation of blood phenylalanine levels 
in stress situations, such as influenza with high fever 
and pregnancy An interesting ecogenetic suggestion 
has been made in that aspartame - a high-phenyiala- 
nine containing sweetening agent - might injure the 
fetuses of heterozygous women. (See above for dis- 
cussion of maternal hyperphenylalaninemia.) 

None of the above data for PKU hetero zygotes are 
definite. If confirmed, such results would support 
the proposition that the reduced enzyme activity 
makes heterozygotes less able than other persons to 
cope with a variety of environmental stresses; this 
subject could constitute a new chapter in ecogenetics 
{Sect.y5^2)^ 

Heterozygote Detection in General Neel in 1949 [185] 
was the first to consider the general problem of het- 
erozygote detection in medical genetics and to collect 
the scattered evidence available at that time, A more 



comprehensive report was presented by Neel in 1953 
[184] and by Franceschetti and Klein in 1954 [89]. 
Since biochemical genetics has progressed rapidly, 
heterozygote tests for many diseases have become 
available. For example, enzyme activities have been 
found to be reduced to about 50% in cells in which 
the gene is active such as in fibroblasts, leukocytes, 
and erythrocytes. WhOe mean enzyme activity of 
heterozygotes ranges around 50 %, there is significant 
variation of enzyme levels in both heterozygotes and 
normals, leading to overlap of their respective distri- 
bution of enzyme values, which, however, is bimodal. 
Such failure to assign a given individual to a geno- 
typic class definitely applies to many different test 
systems aimed at heterozygote detection, such as the 
activity of blood clotting factors (hemophilia). Fortu- 
nately, diagnosis of heterozygosity in more and more 
cases can be based on direct detection of the mutant 
gene using DNA techniques. Apart from its value for 
theoretical understanding of enzyme function, diag- 
nosis of heterozygotes is significant practically for 
two reasons. 

First, it helps in genetic counseling of relatives of pa- 
tients with X-linked or autosomal- recessive diseases. 
Its practical value is revealed especially in X-linked 
diseases since female heterozygotes run a risk of 
50 % for each son to be affected. In most autosomal- 
recessive diseases, heterozygote detection is less im- 
portant provided that the possible heterozygote - in 
most cases a brother or sister of an affected homozy- 
gote - does not plan to marry a relative such as a 
cousin. There is a risk of homozygous children only 
if both prospective parents are heterozygous, and 
most recessive conditions are so rare that the risk of 
a heterozygote to marry another one is quite low in- 
deed (see the Hardy- Weinberg law. Sect. 4.2}. 

A second application of methods for heterozygote de- 
tection consists in the screening of whole population 
groups. Such screening has sometimes been intro- 
duced in populations in which certain recessive genes 
are frequent. For example, about 8% of African- 
Americans are heterozygous for the sickle cell gene, 
and about 3 %-4% of Ashkenazi Jewish populations 
are heterozygous for the Tay-Sachs gene. However, 
well-meaning screening programs have repeatedly 
met with logistical and psychosocial problems 
(Chap. 18), Such heterozygole screening programs 
make sense only if introduced for reproductive pur- 
poses to allow couples to choose reproductive op- 
tions such as selective abortion when both partners 
are found to be carriers. This caveat has sometimes 
been overlooked (Chap, 18), 

The most frequent recessive disease in populations of 
northern and western European origin is cystic fibro- 
sis (CF) with an incidence of about 1 : 2000 and a het- 
erozygote frequency of about 4%-5%. Here, hetero- 
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zygote screening for genetic counseling of relatives 
and particularly for detection of matings involving 
two heterozygotes (who are not aware of their carrier 
status) for intrauterine diagnosis of potentially affec- 
ted offspring is now under discussion. The CF gene 
has been cloned, and its mutations have been deline- 
ated In populations of northwestern European ori- 
gins, about two-thirds of the mutations are the A 
50S deletion. Testing for another five or six mutations 
common in this population can detect about 85 % of 
CF mutations* The remaining 15% may be due to 
any one of over 300 different CF mutations* Since it 
is impractical to test for all these variants^ many 
false -negative test results occur* In populations of 
southern European or Mediterranean origin the mu- 
tational distribution is different. For example, among 
Ashkenazi Jews five different CF mutations account 
for 96 % of all cases. Mutation testing must consider 
ethnic origin to select the appropriate mix of muta- 
tions for study. 

Most informed observers agree that testing for the CF 
carrier state should be offered to sibs of affected pa- 
tients. Population testing is more debatable, CF pa- 
tients in the United States currently have a mean life 
expectancy of 28 years, and the disease is not as de- 
vastating as, for instance, Tay-Sachs disease. The in- 
dications for antenatal diagnosis are therefore not as 
clear in this disease. Since 5 % of the white population 
are carriers, a large-scale population screening pro- 
gram would be logistically complex and expensive, 
and because of mutational heterogeneity would not 
detect all mutations* Investigations to assess the re- 
ceptivity of the public to screening are now under 
study. 

Susceptibility to Common Diseases in Hetewzygotes of 
Recessive Conditions. In Sect, 6,2,4, oti- antitrypsin de- 
ficiency is discussed as an example of a homozygous 
condition leading in many cases to increased suscept- 
ibility to common diseases - principally chronic ob- 
structive pulmonary disease. Many heterozygotes 
when exposed to environmental agents such as tobac- 
co smoking also may run an increased risk of devel- 
oping chronic obstructive pulmonary disease. Sickle 
cell heterozygotes are healthy under normal condi- 
tions, but moderate hypoxia, such as an altitude 
above 2500 m, occasionally causes in vivo sickling 
and splenic infarcts. 

There are many scattered reports [247] for other diseases. For 
example, heterozygotes for various lipidoses were shown to 
have a minor decrease in (performance) IQ on average, com- 
bined with an increased incidence of personality disturban- 
ces. Cystinuria heterozygotes may run a slightly increased 
risk of kidney stones; galactokinase deficiency heterozygotes 
may be susceptible to premature cataracts; and in some vari- 
eties of Wilson disease, anomalies of kidney tubular function 



and minor neurological signs have been described. Heterozy- 
goies for xeroderma pigmentosum, a defect of DNA excision 
repair (Sect. 10.2) and those for the chromosome Instability 
syndromes often thought to be also caused by repair defects 
(Sect. 10.1) have been studied with great care for cancer risk. 
An increased risk of developing cancer at a relatively young 
age was found in heterozygotes for Bloom syndrome but not 
in those for Fanconi anemia. Interestingly the incidence of 
skin cancer is increased only in xeroderma pigmentosum 
heterozygotes living in the southeastern United States and 
not in those from other areas of the country [233J, This illus- 
trates again an eco genetic problem; the high intensity of UV 
irradiation in the sunlight overloads the reduced capacity 
for excision repair, which can cope with this problem with 
lower UV irradiation exposure. 

Heterozygotes for ataxia -telangiectasia (208900) ap- 
pear to have a higher frequency of a variety of can- 
cers. A prospective study [234] found a 3.5-4 increase 
for all cancers and a fivefold enhanced risk for breast 
cancer in women, A significant proportion {more 
than 8%) of all breast cancers were claimed to be 
due to heterozygosity for ataxia- telangiectasia. Based 
on their data, these authors suggest that exposure to 
ionizing radiation increases the risk of breast cancer 
in heterozygotes for ataxia- telangiectasia. This im- 
portant problem needs further study once a specific 
DNA test for ataxia -telangiectasia has been worked 
out. 

Detection and confirmation of increased risks for 
common diseases or slight physiological abnormal- 
ities requires elaborate statistical designs, such as 
careful selection of controls and in particular a 
much larger number of biochemically and genetically 
well-defined heterozygotes than have so far been in- 
cluded in these studies. One difficulty with studies 
of this sort is the overlap common in the laboratory 
values between heterozygotes and normals. In popu- 
lation studies most values from the overlap zone de- 
rive from normals and not from heterozygotes since 
the total number of normals far exceeds that of the 
heterozygotes. Studies on obligate heterozygotes 
(parents of homozygous children) are much more 
promising. Investigation of heterozygotes promises 
better insight into the genetic conditions underlying 
common diseases as well as of many other problems. 
For example, an appreciable proportion of the genetic 
variability influencing performance and behavior as 
measured by IQ and personality tests may be caused 
simply by the high population frequency of heterozy- 
gotes for recessive diseases with well-known effects in 
homozygotes (for discussion, see Sect. 15,2.1). Risk 
predictions for an increased population load due to 
mutagenic agents such as ionizing radiation and che- 
mical mutagens would have to be reassessed if slight- 
ly increased disease habilities in heterozygotes were 
found to be the rule rather than the exception. There- 
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fore studies along these lines are urgently needed, 
particularly when unequivocal distinction between 
normals and heterozygotes is possible by a qualitative 
test system* 

Heterozygote Testing in Hemophilia A and B and in 
Duchenne and Becker Muscular Dystrophies. In these 
diseases, heterozygote testing can now be done by in- 
direct, and more and more by direct DNA studies 
(see Chap. 18)* The older methods such as the study 
of creatine phosphokinase (PK) in Duchenne muscu- 
lar dystrophy and factor VIII or factor IX determina- 
tions in the hemophilias are now being replaced by 
the more accurate DNA methods. 

In the entire field of blood coagulation and its disturbances, 
amazing progress has been made in recent years. The partici- 
pation of various genetically determined proteins in blood 
coagulation and clot lysis provides an example for interaction 
of many genetic factors in a complex physiological process* 
This network has been disentangled largely with the aid of 
blood from patients with various genetic coagulation defects* 
Blood coagulation is not a simple and not even a ramified 
chain reaction; feedback circles are also involved. 

Problems with Heterozygote Detection. As mentioned, 
there is usually significant overlap between the distri- 
butions of heterozygotes and normal homozygotes, 
so that many normals have enzyme levels of the test 
substance that are consistent with heterozygosity. 
The reasons are usually not fully understood but 
may relate to the presence of undetected “iso alleles” 
each of which determines a unique range of different 
activity levels* When using quantitative tests of this 
type for heterozygote detection it is essential for ac- 
curate assessment of the test results that the a priori 
{or Bayesian) likelihood of heterozygosity is consid- 
ered. 

Table 7.6 shows porphobilinogen deaminase enzyme levels in 
a population of normals compared with a group of patients 
with acute intermittent porphyria - an autosomal dominant 
trait. Note that values below 70 U are found only in porphy- 
ries while values above 129 U strongly suggest the absence 
of this gene. However, -30% of the control populations had 
enzyme values that overlapped with those of the porphyria 
gene carriers (70-129 U), and only 20 % of all those with por- 
phyria had values lower than those of normals (less than 
70 U). Table 7.6 also indicates the odds in favor of heterozyg- 
osity for a given range of enzyme levels. The actual chance of 
an individual carrying the porphyria gene strongly depends 
on the a priori probability that the subject at risk carries 
this gene. 

Table 7.7 provides data on individuals found to have a value 
of 95 U on testing but different a priori probabilities of carry- 
ing the porphyric gene. Note that 16 % of porphyria patients 
and 2.3% of normals have a laboratory value between 90 an 
99 U (Table 7.6), The odds of carrying the gene based on the 
laboratory findings alone is 16:2.3 or 7:1* These odds alone, 



Table 7*6* Porphobilinogen deaminase level in 217 normals 
and in 105 acute intermittent porphyria patients (modified 
from Bonaiti-Pellie et al, 1984 l3^]) 



Units 


Porphyria pa- 
tients and obli- 
gate heterozy- 
gotes (%) (x) 


Normal 

controls 

(%) (y) 


Laboratory odds 
(likelihood ratio) 
in favor of heter- 
ozygosity (x) : (y)' 


< 70*" 


20 


0 


Very high*^ 


70-79 


23*8 


0.5 


48 


1 


80-89 


22*9 


0*9 


25 


1 


90-99 


16,2 


2.3 


7 


1 


100-109 


9*5 


3*7 


2.6 


1 


110-119 


5*7 


8.3 


0*7 


1 


120-129 


1*9 


14.3 


0*13 


1 


> 129" 


0 


70 


Unlikely" 



Note that these values need to be determined for each labora- 
tory separately in a sufficiently large sample size. 

“ Based on laboratory results only 

^ Since 20% of heterozygotes and no normals were found in 
this range, the odds in favor of heterozygosity are very 
high. 

^ None of the porphyria patients and 70% of normals had 
values above 129 U* With increasing enzyme levels the risk 
of porphyria becomes increasingly unlikely* 



however, cannot be used for practical prediction. They must 
be combined with the a priori probability of the test subject 
carrying the gene* This a posteriori (Bayesian) probability is 
definite for a patient^s first-degree relatives such as a sib 
(50 % or 1 : 2). In a population study in which everyone is tes- 
ted regardless of symptoms, the Bayesian probability of car- 
rying the porphyria gene is the population frequency of the 
condition (1/10000), When the disease is suspected clinically, 
no precise probability can be assigned, but an approximate 
value, such as 1/10, may be selected for a suggestive clinical 
impression and a low probability of 1/100 if there is a vague 
suspicion of the disease being present (Table 77)* 

Note the marked differences for the final practical risk of het- 
erozygosity for the different Bayesian probability values. 
These results show how an identical laboratory value (e.g., 
95 U) can be of completely dijferent predictive significance de- 
pending upon the probability of the disease under study occur- 
ring in the test subject. Most laboratory scientists and physi- 
cians often overlook this fact. 

The risks of carrying the gene for porphyria with the same 
laboratory result (i.e. 95 U) would be (a) 1:1500 for a mem- 
ber of the general population with no symptoms who is 
screened, (b) 7% e. person at 1% a priori risk (i.e*, vague 
clinical suspicion), (c) 44% for someone at 10% a priori 
risk (i.e., clinical suspicion), and (d) 87% for a first-degree 
relative at 50 % risk* These data show the considerable ambi- 
guity of a diagnosis with such a test result if the a priori ex- 
pectation of the diagnosis cannot be defined clearly. Note 
that repeated testing is not necessarily helpful in rendering 
these final risks more precise. With very low or high enzyme 
values the interpretation becomes much easier if, as in this 
example, the exact range of enzyme levels on a large number 
of normals and heterozygotes is known. 
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Table 7*7* Different odds with same laboratory value (95 U) with various a priori probabilities for acute intermittent porphyria 
(based on laboratory values from Bonaiti-Pellie et al. 1984 [32] ) 

Laboratory A priori odds in favor of Joint odds in Final risk of 

value heterozygosity favor of heterozygosity^ 

Odds* Probability (See Table 7.6) heterozygosity 

(Laboratory results 
only) 



95 


1/9999 (e.g., population screening) 


1/10000 


7:1 


7:9999 


0.0007 - 1/1500 


95 


1/99 (e,g,, vague clinical suspicion) 


l/lOO 


7: 1 


7:99 


0,07 


95 


1/9 (e.g., clinical suspicion) 


1/10 


7: 1 


7:9 


0.44 


95 


1 ; 1 (e, g,, sib or child of definitely 


1/2 


7: 1 


7:1 


0.87 




diagnosed patient) 











^ odds = p : (i-p) where p = probability. Note that these odds are not the final odds to predict whether a patient with a given 
enzyme level carries the porphyria gene (see Table j.6). 

^ Calculated by multiplying the a priori odds and laboratory odds for the carrier state and noncarrier state to determine the 
joint odds for the carrier state as x/x + z where x is the joint odds for the carrier state and z the joint odds for the noncarrier 
state. Example: a priori odds i : 9; laboratory odds 7 : 1; joint odds for carrier state to noncarrier state 7 : 9 derived from 
[(1 X 7) : (9 X 1) ]. Final risk 7/(7 + 9) 7/16 = 44 %» 



In contrast to such uncertainties with quantitative 
testing, a definite diagnosis can be made regardless 
of the a priori probability if an “all or none” qualita- 
tive abnormality exists in heterozygotes that can be 
assessed biochemically or by DNA methods. 

7.2,2.9 Treatment of Inherited Metabolic Disease 

[ 70 . 193 a. 211 ] 

General Principles, In earlier years the conclusion 
that a certain character is inherited had the connota- 
tion that it could not be influenced by environmental 
manipulation. Hereditary diseases were therefore not 
considered to be amenable to treatment. These 
seemingly nihOistic attitudes contributed to the 
stance of many doctors and behavioral scientists 
that genetics had little to contribute to their fields. 
The inborn errors of metabolism offer convincing 
examples that such beliefs are erroneous. Our ability 
to influence a disease or a behavioral abnormality 
often depends upon the depth of insight into me- 
chanisms and not whether the etiology is genetic or 
nongenetic. 

In principle, genetic traits can be influenced at all 
levels of gene action. The most direct approach 
would be somatic gene therapy or the introduction 
of the normal gene into somatic cells of affected pa- 
tients. Ideally, replacement of the mutation with the 
normal gene would be most desirable. After appro- 
priate laboratory and animal studies were carried 
out, investigative trials of gene therapy are now being 
carried out in diseases such as adenosine desaminase 
deficiency, familial hypercholesterolemia, and cystic 



fibrosis using retroviral vectors to carry the genes 
into the patienfs genome. Although early results in 
ADA deficiency appear promising, no success in the 
other diseases has been achieved [193 a]. Gene ther- 
apy is also being tested in various cancers with the 
aim of preventing proliferation of cancer cells by ma- 
nipulating immune genes or by introducing genes 
that produce cytokines to inhibit cancer cell growth. 
There is general agreement that somatic gene therapy 
is a sophisticated extension of medical therapy which 
raises no new ethical issues beyond the usual pro- 
blems of human experimentation and the assurance 
that the viral vectors used in gene therapy are safe to 
the patient and others [7, 93, 167]. 

Germinal gene therapy or the introduction of genes 
into germ cells or early zygotes has been carried out 
in animals. If successful, such manipulation leads to 
correction of a genetic defect in all body cells. A 
treated patient therefore could not transmit the mu- 
tant gene to his or her descendants, as occurs with 
somatic gene therapy in which only the affected tis- 
sue is treated. Most scientists and others feel that 
germinal therapy is rarely indicated, too dangerous, 
and not admissible for ethical reasons particularly 
since, unlike somatic gene therapy, it raises complete- 
ly new moral issues. By general consent a voluntary 
moratorium on germinal gene therapy is therefore 
being maintained by all investigators in this field, 
(For further discussion, see Chap, 19}, Here we dis- 
cuss therapeutic approaches at the level of gene ex- 
pression in the phenotype. 

Often flie metabolic consequences of a genetic block 
may be influenced by suitable manipulation of the 
environment. The classic example, treatment of phe- 
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Fig* 7* 14. Synopsis of therapeutic approaches to inherited 
metabolic diseases. Addition of normal DNA or RNA is under 
study. Normal protein or coenzyme (vitamin) may be added. 




The secondary effects of enzyme blocks may be removed by 
addition of a normal metabolite or removal of excess sub- 
strates or metabolites 



nylketonuria by a phenylalanine-restricted diet, is 
discussed in Sect. 7.2. 2,9. In other cases the clinical 
consequences are due not to the accumulation of me- 
tabolites ahead of the block but to the lack of a me- 
tabolite behind it In these cases substitution therapy 
may prove useful 

Finally, a great number of secondary consequences of 
a genetic disease may be successfully influenced, 
from the disequilibrium of endocrine regulation 
caused by a block in hormone synthesis to insuffi- 
cient oxygen transport in an inherited anemia* Fig- 
ure 7*24 gives a synopsis of therapeutic possibilities* 
In the following, some examples are discussed* For a 
more complete survey see [71], 

Substitution (Protein or Enzyme) Therapy. The classic 
example is hemophilia A* Factor VIII activity at 
20%-30% of the normal average controls bleeding* 
This level of activity can be achieved by factor VIII* 
Factor VIII concentrates are prepared from human 
blood or by recombinant DNA techniques [259] and 
home treatment with control of the bleeding episodes 
is now possible; hemophilia A patients may lead a 



nearly normal life. The high frequency of HIV infec- 
tions caused by contaminated blood due to use of 
many hundreds of donors in the early 1980s is no 
longer a problem due to HIV testing of donor blood 
and the beginning use of factor VIII produced by 
genetic engineering techniques. 

Another example is substitution of pseudo cholines- 
terase in patients with prolonged apena after succi- 
nylcholine administration during surgery (Sect* 
7,5,1), Here therapy is faciUtated by two favorable 
conditions: 

1. The enzyme deficiency is harmless under normal 
conditions; substitution is needed only for major 
surgery that requires a muscle relaxant. 

2* After injection of normal plasma the activity de- 
creases to one-half within 12 h. This means that 
suitable activity can be maintained by one injec- 
tion for the duration of the operation* 

In the majority of patients with pseudo cholinesteri - 
nase deficiency, enzyme therapy is not necessary be- 
cause physicians have learned to cope with prolonged 
apnea by simply prolonging intubation and providing 
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artificial respiration, but in many other diseases sub- 
stitution of the missing gene product would be very 
useful- 

The endocrine disorders are classical examples. Insu- 
lin therapy of diabetes mellitus was introduced as 
early as the 1920s; in the early decades of this therapy 
insulin from animals was used. Human insulin pro- 
duced by recombinant DNA methods is also now 
available. Another example is pituitary dwarfism due 
to a genetic defect of growth hormone synthesis 
(262400). In earlier years, growth hormone had to 
be laboriously extracted from many human pitui- 
taries- Therefore it was available only in very small 
amounts. Recombinant DNA techniques have sub- 
stantially improved the situation, and now the hor- 
mone is readily available and safe. 

Howeven correction of enzyme defects has been 
more of a problem. Most enzyme defects would re- 
quire life-long corrective therapy. Here, further diffi- 
culties are encountered: 

a) The enzyme is eliminated from the body within a 
relatively short time; continuous supplementation 
is needed. 

b) Enzyme preparations may be recognized by the 
immune system as foreign proteins, and antibo- 
dies may make the injected material biologically 
ineffective. 

The possibilities of overcoming these difficulties vary 
from one condition to another. Enzyme preparations 
of human origin are most desirable for therapy; re- 
combinant DNA techniques may be used. 

At first glance, the mucopolysaccharidoses (Sect, 
7,2.2,31 seemed to be a good candidate for enzyme 
therapy. So far, however, the results of various thera- 
peutic trials have not been convincing [147], In Gau- 
cher disease, however, enzyme therapy has been 
shown to be effective: targeting the missing enzyme - 
glucocerebrosidase - to mannose-specific receptors 
of macrophages leads to the uptake of this enzyme, 
and to clinical improvement [18], Currently many pa- 
tients with Gaucher disease receive the missing en- 
zyme with excellent results, and enzyme therapy has 
become the standard treatment for this disease. Be- 
cause treatment must be administered frequently, the 
enzyme, which is laboriously extracted from placental 
sources, is very expensive. Due to variability in clini- 
cal presentation the indications for therapy are not en- 
tirely clear. Should a homozygote for Gaucher disease 
- who has no clinical symptoms even though affected 
with mild hepatosplenomegaly - be treated with glu- 
cocerebrosidase that cost about U, S. $ 300000 per 
year? Gene therapy trials are already under way aimed 
at inserting the missing gene into bone marrow stem 
cells of patients with Gaucher disease. If this approach 
is ultimately sucessful, enzyme therapy, which needs 



to he given repeatedly, would no longer be necessary. 
Enzyme therapy cannot cure the few patients who 
have the variety of Gaucher disease that affects the 
central nervous system; here enzymes are not taken 
up because of the blood-brain barrier. 

Another enzyme that might be used for substitution 
therapy is cs, -antitrypsin. Its deficiency often leads 
to chronic obstructive pulmonary disease (Sect. 
6,2.4) [66, 258], The protein can now be produced by 
recombinant DNA techniques and therapeutic trials 
have been somewhat successful 

Environmental Manipulationt Removal of a Metabo- 
lite Ahead of the Block. The metabolite ahead of the 
block that acts as substrate for the deficient enzyme 
may be removed relatively easily if it is not produced 
in the organism but is taken up as a normal nutrient. 
One example - phenylketonuria - has been described 
above. Another example is galactosemia due to defi- 
ciency of one of the three enzymes converting galac- 
tose into glucose. Here, removal of the substrate is ea- 
sier, as galactose occurs almost exclusively in milk. 
The problem becomes more difficult if the metabolite 
in question cannot be restricted without impairment 
of normal function. In other cases the phenotypic ill 
effects of an enzyme block are caused not by accumu- 
lation of a metaboUte ahead of the block but by lack 
of a metabolite behind it 

Environmental Manipulation: Substitution of a Meta- 
bolite Behind the Block. The best known examples of 
such substitution therapy are disorders of hormone 
synthesis mentioned above. Other examples are the 
glycogen storage diseases types I and III {Fig, 7,2). 
Here, most of the clinical symptoms are caused not 
by the glycogen storage itself but by the failure of gly- 
cogen to be broken down to glucose, which leads to 
chronic hypoglycemia. Replacement therapy of blood 
glucose would meet with insuperable difficulties and, 
in addition, would lead to still more glycogen storage. 
Therefore surgical intervention to bypass the liver, 
with the blood stream coming from the intestine 
and containing the resorbed glucose, has been tried 
successfully. A shunt between the portal vein and the 
inferior vena cava causes most of the blood to bypass 
the liver and transport glucose directly to the heart 
muscle and to other organs. Definite improvements 
have been observed. 

Another example is orotic aciduria (Sect, 7,2. 2,4), 
Here, the excess of orotic acid seems to have no ma- 
jor hi effects, but the deficiency of uridine com- 
pounds leads to impairment of nucleic acid synthesis 
and, specifically, to megaloblastic anemia and also to 
severe growth inhibition. Addition of uridine to the 
diet provides the missing metabolite and leads to 
amelioration of the clinical symptoms. 
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EUmination of the Metabolite Ahead of the Block and 
Substitution of the Metabolite Behind the Block. In 
one of the examples mentioned above, the glycogen 
storage diseases, “internal” substitution of the com- 
pound behind the block - glucose - by partial by- 
pass of the liver also helps to reduce accumulation 
of the metabolite ahead of the block - glycogen. In 
familial hypercholesterolemia, an autosomal domi- 
nant disease (Sect, 7,6), accumulation of cholesterol 
in coronary arteries leads to coronary heart disease. 
Reducing cholesterol concentrations by binding to 
resins (such as cholestyramine or cholestipol) or by 
inhibiting HMG-CoA reductase (the major rate-lim- 
iting step in cholesterol synthesis) with appropriate 
drugs (such as lovastatin) reduces serum cholesterol 
levels and prevents coronary heart disease. In other 
diseases, clinical symptoms are caused by both me- 
chanisms, and therapy should try to influence both. 
One example is homocystinuria (236200), which is 
caused by a defect of the enzyme cystathionine syn- 
thetase (Fig, 7,25). Homocysteine is formed from nu- 
tritional methionine. Therefore the methionine sup- 
ply should be reduced. However, since methionine 
is - as phenylalanine - an essential amino acid, it 
cannot be eliminated from the diet altogether. Cy- 
steine, on the other hand, is normally formed from 
methionine via the pathway shown in Fig, 7,25, Many 
of the numerous symptoms in homocystinuria are 
due to cysteine depletion! therefore the diet should 
be enriched by cysteine, A different type of homo- 
cystinuria responds to pharmacological doses of vi- 
tamin Bg, which acts as coenzyme to cystathionine 
synthetase. 

Treatment by Removing Secondary Effects of the Met- 
abolic Defect. This category is by far the largest group 



offering therapeutic possibilities in genetic defects. In 
contrast to other approaches, specific knowledge of 
the pathophysiological and genetic mechanisms is 
not necessary. For example, we know hardly anything 
about the biochemical basis of developmental condi- 
tions, such as polydactyly or cleft Up and palate. Yet 
this does not prevent successful surgical correction. 
Very litde is known regarding the biochemical basis 
of mental disease (Sect. 15,2,1.2), Still, drug therapy 
that was introduced on a purely empirical basis has 
proven to be fairly successful in managing patients 
with schizophrenia and affective disorders. In all 
fields of medicine, most therapeutic measures - in- 
cluding the successful ones - are based on similar 
empirical evidence, regardless of whether the effects 
of genetic variability on the disease are large or small. 
On the whole, our capacities for treating hereditary 
diseases, and alleviating human suffering are not 
very impressive at present [65]. This Statement, how- 
ever, probably also applies to much of medical ther- 
apy in general. 

Therapeutic intervention that requires specific 
knowledge of the pathophysiological mechanism is 
the ultimate aim of most biomedical research. The 
group of adrenogenital syndromes due to enzymatic 
blocks in the synthesis of adrenal steroid hormones 
is one example. Cortisol ( 17- oxy corticosterone) can- 
not be formed; therefore the normal feedback for in- 
hibition of ACTH formation in the pituitary cannot 
work, and 17-ketosteroids are formed in large 
amounts from 17- oxy progesterone. These in turn 
stimulate the development of sexual characteristics 
and lead to virilization of female patients. Substitu- 
tion of cortisol restores the feedback circle; ACTH 
and, consequently, 17-ketosteroid formation is re- 
duced, and virilization is stopped (Fig. 7,26). 
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PITUriARY 




Fig. 7*26, a Negative feedback mechanism between pituitary 
and adrenal cortex. The adrenal cortex is stimulated by the 
pituitary hormone ACTH^ the end-product of corticosterone 
synthesis, cortisol, inhibits ACTH formation. At the same 
time, the gonads are stimulated by FSH produced by the pi- 
tuitary until the androgens (or estrogens) produced by the 
gonads inhibit FSH production, b In the adrenogenital syn- 



Dietary Treatment of Metabolic Diseases May Be Only 
the Extreme of a More General "Genetotrophic'' Prin- 
ciple. In many metabolic diseases the phenotypic 
consequences of an enzyme block can be avoided by 
a suitable change in nutrition. These conditions are 
considered to be pathological because they are rare. 
If the great majority of the population had one of 
these enzyme defects, we would have changed our 
eating habits accordingly, and such “defects*" would 
be regarded as normal. An example is the intestinal 
lactose malabsorption found in most Orientals and 
Africans and in many Europeans. Consumption of 
large amounts of milk and dairy products causes 
flatulence and bowel irritability in such lactase-defi- 
cient persons. Most persons of northwestern Euro- 



drome, cortisol formation is inhibited by a genetic block. 
This has two effects on the pituitary; ACTH formation is not 
inhibited. Abnormally high ACTH formation leads to exces- 
sive formation of cortisol precursors, which inhibit FSH pro- 
duction due to their chemical similarity with androgens in 
the pituitary. Virilization in females results. Cortisol substitu- 
tion restores the normal feedback cycle 



pean ancestry have no such problems, as they have 
sufficient intestinal lactase for the breakdown of lac- 
tose (Sect. 14.3.1; [83]), 

Section 7, 2, 2,5 describes diseases that are due to ab- 
normal uptake, conversion, and utilization of coen- 
zyme precursors (vitamins). These conditions can 
usually be treated with high doses of specific vita- 
mins. From an evolutionary standpoint, however, 
even our normal dependency on vitamins may be re- 
garded as a multiple genetic deficiency, since both 
Neurospora crassa and E. coU bacteria are able to syn- 
thesize almost all vitamins. L- Ascorbic acid (vitamin 
C) serves as a potent reducing agent in mammalian 
metabolism and can be synthesized by all species ex- 
cept humans, higher primates, and guinea pigs. Hu- 
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mans need continuous “substitution therapy,” which 
fortunately is supplied by normal nutrition* In excep- 
tional situations, however, scurvy develops for exam- 
ple, when the food provided to sailors on long voya- 
ges in past centuries did not contain enough vitamin 
C. 

Other pathways that have been lost during evolution 
are those needed for synthesis of the so-called essen- 
tial amino acids. For some bacteria and fungi, these 
essential amino acids are not essential at all; they 
can be synthesized from simple nitrogen sources 
such as ammonia* 

So far we have considered mainly nutritional therapy 
of rare, exceptional genetic variants with extreme ef- 
fects. However, even screening for phenylalanine con- 
centration in the serum has identified - apart from 
the extreme, classic PKU cases - those with mild hy- 
perphenylalaninemia* Such persons do not need a 
special diet to keep their development within limits 
commonly regarded as “normal,” However^ there are 
some data pointing to a slightly higher vulnerability 
of heterozygotes whose hydroxylase activity is re- 
duced [247], If this is confirmed, one can infer that 
such irritability may depend in part on the amount 
of phenylalanine intake once the demand for protein 
synthesis has been satisfied. 

Genetic polymorphisms are discussed in Sect. 12*1*2. 
We note there that one-third of all blood enzymes oc- 
cur in various molecular forms within the human po- 
pulation. Different molecular forms often show dif- 
ferences in activity. This means that - apart from 
monozygotic twins - the metabolic pathways are uti- 
lized in a slightly different way in each individual, 
leading to “biochemical individuality,” [206]. One as^ 
pect of this individuality is that nutritional require- 
ments for optimum development may differ slightly 
for each individual. This “geneto trophic principle” is 
a part of the mutual adaptation between the indivi- 
dual, his peculiar genetic makeup, and his environ- 
ment* This is one aspect of the more comprehensive 
field of ecogenetics discussed in Sect 7,5,2. 

7,22,10 Enzyme Defects 

That Have Hot Been Discovered 

How Many Enzymes Are There and What Enzyme De- 
fects Are Known? Some metabolic pathways have not 
yet been elucidated* Therefore no one knows the ex- 
act number of enzymes in humans* Estimates run in 
the order of magnitude of at least 10000* For ap- 
proximately 350 enzymes, or about 3%-4%, enzyme 
defects are known. What about the other 97%* 

First, there are obviously a great number of inherited 
diseases that may be caused by an enzyme defect but 
have not been analyzed by appropriate techniques. 



Most of the autosomal- recessive conditions listed in 
McKusick's catalogue may belong to this group [106]* 

WhfJt Enzyme Defects Are Not Known? Well-known 
enzyme defects occur in: 

a) Pathways for obtaining energy from carbohy- 
drates (e. g*, glycolytic defects in hereditary hemo- 
lytic anemia) 

b) Catabolic pathways of some amino acids (e. g*, 
phenylketonuria) 

c) Catabolic pathways in lysosomes for degradation 
of building material of cells and intracellular ma- 
terial (e* g*, mucopolysaccharidoses) 

d) Catabolic pathways for detoxification and excre- 
tion of internal metabolites such as ammonia 
(e. g., argininemia) 

e) A few marginal reactions such as in the salvage 
pathway of nucleic acid metabolism (e*g., HPRT 
deficiency) 

0 Anabolic pathways for synthesis of biomolecules 
needed for special regulatory purposes (e.g., de- 
fects in thyroid hormone production) 

g) Some pathways in transmembrane transport (e, g,, 
cystinuria) 

h) Some few DNA repair enzymes (e,g., xeroderma 
pigmentosum) 

i) Some metabolic steps in uptake and utilization of 
coenzyme precursors (e.g*, vitamin D resistant 
rickets) 

Few, if any, enzyme defects are known in: 

a) Enzymes concerned with the processes of mitosis 
and meiosis 

b) Enzymes needed for DNA and RNA synthesis, 
with the exception of a few repair enzymes 

c) Enzymes concerned with protein biosynthesis 

d) Energy supply sources, especially the cytochrome 
system 

e) Enzymes for synthesis of many of the specialized 
compounds needed as neurotransmitters in the 
central and peripheral nervous system 

f) Anabolic pathways in synthesis of many amino 
acids, pentoses, fats, and lipids 

g) Anabolic enzymes for synthesis of tissue constitu- 
ents such as sphingo lipids, mucolipids, and muco- 
polysaccharides 

h) The tricarboxylic acid cycle, which serves both 
catabolic and anabolic functions 

In short, our knowledge of enzyme defects in humans 
is not only incomplete but also very biased* Most en- 
zyme defects affect enzymes related to the “house- 
keeping” functions of the cell* For most of the central 
building functions no enzyme defects are known so 
far. For catabolic pathways and for the biosynthesis 
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of some specialized molecules such as hormones the 
picture is more complete. 

Why Do We Know so Little About Enzyme Defects of 
Central Building Functions? What are the reasons for 
this bias? Part of it is methodological. Analysis of en- 
zyme defects in humans depends critically on the 
availability of organ material. Blood cells are easily 
available; brain or even liver cells are not. The same 
problem must be faced in the analysis of genetic 
polymorphisms. Most polymorphisms detected so 
far affect blood constituents. If the blood - rather 
than the brain - were our organ for thinking and feel- 
ing, our ignorance in the field of behavior genetics 
might have been overcome. However, with opportuni- 
ties to test for genetic alterations at the DNA level 
directly, it is increasingly possible to search for genet- 
ic defects and variants in DNA from white blood 
cells. 

However, it is difficult to believe that methodologi- 
cal difficulties could explain the entire bias. The 
obvious alternative hypothesis is that deficiencies 
in these central building metabolic pathways would 
not be compatible with life; they would be lethal 
(Sect.4.1.5). for examples it is difficult to imagine 
how the nearly complete defect of an essential DNA 
polymerase, which reduces or even abolishes DNA 
replication - and hence cell division - could be com- 
patible with life. The same argument applies for the 
basic steps in the tricarboxylic acid cycle and the 
synthesis of vital metabolites. 

For most enzymes 50 % of the normal activity is suf- 
ficient to maintain normal function, as evidenced by 
observations on heterozygotes for enzyme defects. 
One might surmise therefore that at least heterozy- 
gotes for such enzyme defects would be detected. 
However, such detection would require large-scale 
population studies of enzyme activities, which have 
not been carried out. Moreover, many enzymes show 
marked inter in dividual variability in activity, which 
would make identification of heterozygotes difficult. 
This variability - and especially the observation that 
in heterozygotes approximately 50 % of the “normal” 
enzyme activity is sufficient for maintenance of func- 
tion under normal living conditions - indicates an 
excellent “buffering” of the metabolism against in- 
trinsic genetically determined weaknesses. Many 
functions are maintained by multiple pathways, and 
many mutations, even in the homozygous state, may 
not lead to inborn errors, or do so only under parti- 
cular environmental conditions such as the presence 
of a drug (Sect. 7,5), 

The conclusion that there may be many recessive le- 
thal mutations affecting essential pathways has far- 
reaching consequences for population genetics. There 
is no reason at all to assume that the mutations af- 



fecting genes determining these “vital” enzymes are 
any less frequent than the mutations for which en- 
zyme defects are known. Hence, all these mutations 
are expected to occur. They may occasionally lead to 
lethal homozygotes and therefore enhance the pro- 
portion of dead zygotes. One would expect this phe- 
nomenon to increase the number of miscarriages un- 
der conditions favoring segregation of homozygotes 
in general, i.e., in consanguineous marriages 
(Chap. 13). This prediction, however, does not seem 
to be borne out by experience. Most of these zygotes 
probably die at such an early stage of development 
that a miscarriage is not realized and therefore not 
recorded. 



7J.2J1 Some General Conclusions Suggested 
by Analysis of Human Bnzyme Defects 

Detection of Enzyme Defects. In our consideration of 
human enzyme defects there are several points that 
recur. To be readily detected an enzyme defect 
should be located in blood cells or should manifest 
itself in cultured fibroblasts. Moreover, it should 
lead to clearcut clinical symptoms in affected indivi- 
duals or should at least lead to alterations that are 
easily detected by screening techniques, such as ex- 
cretion of abnormal urinary metabolites. An inborn 
error with nonspecific symptoms which is not ac- 
companied by currently detectable biochemical dis- 
turbances cannot easily be identified. Thus, although 
several metabolic surveys have been carried out 
among patients with mental deficiencies, many 
more inborn errors may exist that have not yet been 
discovered. 

Elucidation of Metabolic Pathways by Use of Enzyme 
Defects. It is not very difficult to detect enzyme de- 
fects if the metabolic pathways are already known. 
In some cases, however, analysis of enzyme defects 
may provide a tool for elucidating metabolic path- 
ways that would otherwise be difficult to examine. 
The mucopolysaccharidoses are a cardinal example. 

Characteristics of Mutations Leading to Enzyme De- 
fects in Humans. In many of the enzyme defects ana- 
lyzed so far, some residual activity of the enzyme 
has been observed. Moreover, qualitative changes in 
the enzyme protein are usually discovered, for exam- 
ple, cross-reacting material (CRM), change of kinetic 
characteristics, and many others. These findings indi- 
cate qualitative changes in enzyme proteins due to 
mutations in structural genes and argue against a 
major share of regulatory mutations at all possible 
levels. Such mutations would be expected to cause 
quantitative changes only in enzyme activity. There 
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is a high degree of genetic heterogeneity within a sin- 
gle gene locus, which adds to the heterogeneity be- 
tween loci involved in the same pathways* 

Mode of Inheritance and Heterozygotes. The mode 
of inheritance of enzyme defects is usually recessive 
- either autosomal or, in some cases, X-linked. 
Healthy heterozygotes almost always have enzyme 
activities of about half the population average* 
Therefore the human organism can work perfectly 
weU with a single enzyme at half power. This re- 
veals a remarkable amount of internal regulatory 
c ap acity within metaboli c pathways , Howeve r, i f 
the pathway is loaded with a substance requiring 
the deficient enzyme for its metabolism, its ability 
to cope with the metabolite is poorer than normal* 
Some observations raise the suspicion that this im- 
pairment may be less unimportant for the health 
of heterozygotes than is usually presumed* It may 
contribute - possibly together with environmental 
stresses - to their susceptibility to common dis- 
eases, somatic or mental* Few systematic, large- 
scale, controlled investigations have been carried 
out on the health status of heterozygotes for reces- 
sive diseases, especially during middle or advanced 
age* As with so many other shortcomings of our 
knowledge in human genetics, this lack of data 
may have sociological reasons* Work on inborn er- 
rors is being carried out principally by pediatri- 
cians or medical geneticists with a pediatric back- 
ground, who are usually not interested in studies 
of epidemiology and population genetics* Converse- 
ly, population geneticists rarely deal with biochemi- 
cal refinements in field studies* 

The observation that virtually all enzyme defects are 
inherited as recessive traits inevitably raises the 
question as to the biochemical basis of dominant ab- 
normalities. This problem is discussed below 
(Sect* 7.6)* We first introduce the hemoglobin para- 
digm* In this special case, many questions raised by 
the enzyme defects, and even the question as to pos- 
sible mechanisms of Mendelian dominance, have 
been answered* 



73 Human Hemoglobin [42, 119, 149] 

The hemoglobin molecule can be studied with 
greater facility than any other human protein. 
Blood can easily be drawn from many individuals* 
Hemoglobin is the principal protein of red blood 
ceils, and its extraction does not require complica- 
ted biochemical methods. It is therefore not sur- 
prising that we understand more about this protein 
than about all others. Genetically oriented studies 



of human hemoglobins have proceeded apace with 
the elucidation of the amino acid sequence and 
structure of the molecule* The hemoglobin system 
is currently a paradigm for the understanding of 
gene action at the molecular level* Hemoglobin re- 
search plays a role in human biochemical genetics 
similar to that of research on Drosophila and phage 
in basic genetics* Most concepts derived from he- 
moglobin research apply readily to other proteins* 
In fact, many conceptual principles of human genet- 
ics could be taught by examples from the hemoglo- 
bin system* 

73,1 History of Hemoglobin Research 

Sickle Cell Anemia: A '^Molecular” Disease. Work on 
human hemoglobin began with the investigation of a 
hereditary disease: sickle cell anemia* In 1910 Herrick 
[114] observed a peculiar sickle-shaped abnormality 
of red cell structure in an anemic African-American 
student* It soon became apparent that this condition 
is fairly common among African-Americans* Affected 
patients suffer from hemolytic anemia and recurrent 
episodes of abdominal and musculoskeletal pain* Ta- 
liaferro and Huck (1923) [235] recognized that the 
condition is hereditary* It was shown by Neel (1949) 
[181] and independently by Beet (1949) [18] that pa- 
tients with sickle cell anemia are homozygous for a 
gene that, in the heterozygous state, causes an innoc- 
uous condition: sickle cell trait, which is found in 
about 8% of the African-American population 

[171]* 

The decisive step in the biochemical -genetic analysis 
of this disease was carried out by Pauling et al. 
(1949) [195]. Pauling, an outstanding chemist, heard 
about this disease from Castle, a renowned hematolo- 
gist (and son of one of the pioneers of mammalian 
genetics) and surmised that a defect of hemoglobin 
is likely to be the cause: The evidence available at 
the time that these investigations were begun indica- 
ted that the process of sickling might be intimately 
associated with the state and the nature of the hemo- 
globin within the erythrocyte* 

Therefore the authors examined the hemoglobins of 
patients with the sickle cell trait and sickle cell ane- 
mia, comparing them with the hemoglobin of normal 
individuals* In accord with the state of methodology 
for protein analysis at that time, these investigations 
were performed using Tiselius zone electrophoresis 
(Fig* 7*27). The peaks in the figure represent the con- 
centration gradients of hemoglobin in a suitable buf- 
fer solution; the positions of these peaks depend on 
the relative number of positive and negative charges 
in the protein molecule; The results indicate that a 
significant difference exists between the elect ropho re- 
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Fig* 7*27 a-d* Zone electrophoresis diagram 
of hemoglobins at pH - 6*9. a Normal 
, homozygote (A A); b patient with sickle cell 

IX ure o + anemia fSSJ; c sickle ceU trait d mix- 

50 % + 50 % ture of equal parts of HbA and HbS. Arrow, 

starting point of electrophoresis* (From 
Pauling et al. 1949 [195]) 



tic mobilities of hemoglobin derived from erythro- 
cytes of normal individuals and from those of sickle 
cell anemic individuals* 

In the sickle cell trait about 23 %-40 % of the hemo- 
globin turned out to be identical with that found in 
sickle cell anemia, whereas the remainder was indis- 
tinguishable from the normal. This result was com- 
patible with the genetic data that sickle cell anemia 
represents the homozygous state of a gene for which 
carriers of the sickle cell trait are heterozygous* This 
investigation reveals, therefore, a clear case of an al- 
teration produced in a protein molecule by an allelic 
change in a single gene* 

Pauling and his collaborators in 1949 [195] used the 
new finding of a molecular alteration in the protein 
of a hereditary disease to suggest that sickle cell ane- 
mia was the first example of a molecular disease* 
Horlein and Weber in 1948 [120] had already demon- 
strated by a less elegant but imaginative and some- 
what difficult method (exchanging heme and globin 
portions of hemoglobin between normal and affected 
persons) that the basic abnormality of methemoglo- 
binemia in a family with that condition resides in 
globin and not in the nonprotein heme portion of he- 
moglobin. Howeven unlike Pauling, these investiga- 
tors did not realize the major and generaiizable sig- 
nificance of their finding for the pathogenesis of in- 
herited disease. This illustrates how a discovery that 
becomes important at a later date (when it fits a novel 



paradigm) receives little attention at the time of its 
discovery unless its general significance is explicated 
and widely publicized. The work of Pauling was pub- 
lished in Science^ a general scientific journal with 
wide circulation and was in agreement with other 
data on the genetic transmission of sickle cell ane- 
mia. The work by Horlein and Weber, on the other 
hand, appeared in a German medical journal at a 
time when hardly any research was carried out in 
postwar Germany 

Single Amino Acid Substitution. In 1956 Ingram [123] 
- working in Cambridge in the same laboratory in 
which Perutz was pursuing his crystallographic 
work, where Sanger had shown the amino acid se- 
quence of insulin, and where Crick and Watson had 
demonstrated the DNA model - discovered what pre- 
cisely distinguishes normal from sickle hemoglobin* 
Hydrolysis of the globin molecule with the protein- 
splitting enzyme trypsin yielded about 60 peptides, 
which were separated on paper in a two-dimensional 
array by electrophoresis in one direction and paper 
chromatography in the other. This “fingerprinting"" 
method of protein analysis revealed that sickle cell 
hemoglobin was identical with the normal molecule 
in all peptides except one. Further analysis showed 
that sickle cell hemoglobin differed from normal he- 
moglobin in only one amino acid: glutamic acid was 
replaced by valine: 
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Glutamic acid has two CO OH groups and one NH^ 
group, whereas valine has only one CO OH group. 
This charge difference explained the electrophoretic 
differences between normal and sickle hemoglo- 
bin. 

Meanwhile, and especially after simpler methods of 
electrophoresis had replaced the cumbersome Tise- 
lius electrophoresis, an increasing number of other 
hemoglobin variants were discovered. At present, 
over 500 of such variants are known [1047]. Further 
steps of great importance were the establishment 
and elucidation of the full amino acid sequence of he- 
moglobin chains by Braunitzer et al. {1961} [1026], 
and of the three-dimensional structure of hemoglo- 
bin [1184, 1280], Subsequent advances have led to 
our understanding of structure- function relation- 
ships and to detection of various types of mutations, 
such as deletions and frameshifts. Isolation of the he- 
moglobin mRNA led to new insights into gene struc- 
ture and function and opened new paths to the un- 
derstanding of gene action (Sect.3,1,3,6). 

Molecular work on the hemoglobins has proceeded at 
a rapid rate. The full DNA sequences of the various 
hemoglobin genes and their flanking sequences is 
now known, and the hemoglobin genes are probably 
better understood than any other mammalian genes. 
Mutations affecting the hemoglobins, particularly 
the thalassemias, have been elucidated and are mod- 
els for the understanding of gene action at the mole- 
cular level. The genetics of hemoglobin as currently 
known is described in the next section* 



7J.2 Genetics of Hemoglobins [42] 

Hemoglobin Molecules. Human hemoglobin consists 
□f four globin chains. The general designation of the 
hemoglobin molecule is signifying that the 

four globin chains comprise two pairs of identical 
chains. Most normal human hemoglobins have iden- 
tical ot chains while the non-a chains y, 6 ) differ 
from each other (see below). Each globin chain car- 
ries a heme group, a nonprotein molecule attached 



at a specific site of the globin molecule (Fig, 7,28). 
The four globin chains with their respective heme 
groups constitute the functional hemoglobin mole- 
cule that carries oxygen from the lungs to the tissues, 
A globin chain consists of a string of over 140 amino 
acids of specified structure (Fig, 7,29), The sequence 
of the various amino acids in a protein molecule, 
such as hemoglobin, is known as the primary struc- 
ture. The spatial relationship between adjacent resi- 
dues is known as the secondary structure and the 
three-dimensional arrangement of a protein subunit 
as the tertiary structure (Fig, 7,28). Quarternary 
structure refers to the arrangements of the four sub- 
units into a functioning molecule. 



HC2 Tyr 




Fig, 7-28, The diagram shows the three-dimensional structure 
(3^ structure) of a typical globin chain, which consists of 
eight helical and six nonhelical segments. To allow compari- 
sons of different globin chains, the helical segments are la- 
beled A-H and nonhelical segments are denoted by two capi- 
tal letters such as CD, EG, etc. Black wavy UnCj the spatial ar- 
rangement of the various amino acids structure). Amino 
adds are numbered from the amino (N) terminus starting 
with Al Numbers^ specific amino acids located at the posi- 
tions, which may differ in various globin chains. Structurally 
equivalent residues carry the same notation in all hemoglo- 
bins regardless of amino add additions or deletions. Note 
the insertion of the nonprotein heme chain between £7 and 
F 8 . Amino acid residues at £7 (histidine), Eii (valine), and 
HC2 (tyrosine) are particularly important in the function of 
mammalian hemoglobins. M, VJ P in the heme molecule, me- 
thyl, vinyl, and propionate side chains, respectively, (From 
Perutz 1976 1 197]) 
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Fig. 7.19, The primary structure of amino add sequence of 
the /? chain of adult normal human hemoglobin (HbA). Ami- 
no adds that are oriented in the characteristic folding of an 
ct-helix are shown as square boxes. Nonhelkal residues are 
depicted as rectangles. The site for heme attachment is 



shown. The specific amino acid sequence of the / 3 -globin 
chain and its various features may be usefully compared 
with the three-dimensional molecular arrangement shown in 
Fig. 7.28 [42] 



The principal hemoglobin of children and adults is 
HbA or adult hemoglobin (a^ The characteristic 
subunit of HbA is the j 3 chain (Fig. 7.29). The a and 
chains differ from each other in many amino acids. 
All adults carry a small amount (2%-3%) of HbA^ 
(a^ dj. The characteristic S chains differ in only ten 
amino acid positions from the ^ chain. A small 
amount (<i%) of fetal hemoglobin (HbF: yj is 

also seen postnatally in all individuals (see below). 
The y chain differs considerably from both the a 
and ^ chains. The a chains of HbA, HbA^, and HbF 
are identical. 

Several hemoglobins characteristic of embryonal 
and fetal development exist. The ^ chains resemble 
the a chains in their amino acid composition 
[134], and E chains have similarities to the j 3 chains. 
The Z chains probably are developmentally the ear- 
liest globin chains. The ^ and s chains disappear 
after 8^10 weeks of embryonal life (Fig. 7.30) [269], 
The principal hemoglobin of fetal development is 
HbF (fJtj yj with its characteristic y chain. There 
are two types of y chains with very similar proper- 
ties: those with alanine at position 136 (^y) and 
those with glycine at that position (*^7). A third 
type of y chain with threonine instead of isoleucine 



at position 75 in the y chain exists [211] . Its fre^ 
quency ranges between 0% and 40%, and it does 
not appear related to any disorder. Only ^y chains 
carry this variant. Adult hemoglobin can be demon- 
strated in fetuses as early as at the 6-8 week stage 
[211, 269]. 

While y chain synthesis during fetal life occurs large- 
ly in liver and spleen, y chains can also be produced 
by marrow erythropoietic cells. Conversely, while ft 
chains in childhood and later are produced in the 
bone marrow, ft chain production can also occur in 
additional marrow sites [269], The various normal 
hemoglobins are listed in Table 7,8. 

All of the normal human hemoglobins that have been 
investigated have an identical three-dimensional 
structure (Fig, 7.28), which is essential to aUow the 
carrying of oxygen. All globin chains of the various 
hemoglobins have a common evolutionary origin 
and originated from each other by genetic duplica- 
tion (see Sect. 14.2.3}. The closer the resemblance be- 
tween two chains, the more recent in evolutionary 
terms the duplicator y events occurred. Thus, the ^y 
and ^y chains with a single difference between them 
arose more recently while the y 3 and a chain duplica- 
tion have a more remote origin. 
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Hemoglobin Genes. The amino acid sequence of each 
of the globin chains is specified by a unique globin 
gene. A normal human therefore possesses at least 
one a, y, 6 ^ and ^ gene in the haploid state or 
at least two of these genes in the diploid state. The 
gene for the a chain in most human populations ex- 
ists in a duplicated state with no known differences 




Prenatal months 



Birth 



Postnatal months 



Fig. 7.30. Ontogeny of human hemoglobin chains before birth 
and in the first few months after birth. Above^ characteristic 
developmental patterns of various globin chains. Below^ char- 
acteristic sites of erythropoiesis during development There 
is remarkable similarity in the time sequences of the yolk 
sac and f and ^ chain, hepatosplenic and 7 chain, and bone 
marrow and chain erythropoiesis. (From Motulsky 1970 

I170J) 



Globin gene 
Globin chain 



between the two a genes. There are two y genes - dif- 
fering in the codon specifying position 136 and ^y. 
Some ^y genes have a variant codon specifying threo- 
nine rather than isoleucine at position 75 Cy). 

Genes that participate in synthesis of the nonprotein 
heme group by specifying a series of biosynthetic en- 
zymes involved in heme synthesis are not further 
considered here. 

The various globin genes with their respective globin 
chains and normal hemoglobins are shown in Ta- 
ble 7.8 and Fig. 7.31. 

Extensive DNA sequence analysis has been carried 
out on all hemoglobin genes and their structure has 
been fully documented [13, 62, 163, 223, 229]. The hu- 
man hemoglobin genes exist as two separate clusters 
of related multigene families, a frequent type of orga- 
nization of mammalian genes {Figs. 7.32, 7.33). The a 
gene cluster is located on the short arm of chromo- 
some 16 over a 25-kb region. The y-^-d family is situ- 
ated on the short arm of another chromosome, 11, 
across a 6o-kb region. The genetic mechanisms 
which regulate coordinated gene function on the two 
different chromosomes to allow equal output of a 
and non-a gene products (such as p and 7) remain 
unknown. The structural genes of the Hb a complex 
[from 5" (upstream) to 3' (downstream)] include: the 
embryonic C gene, a pseudogene for Hb two pseu- 

Table 7.8. Human hemoglobins 



Stage 


Hemoglobin 


Structure 


Embryonic 


Gower I 






Gower II 






Portland 


KiYi 


Fetal 


F 










Adult 


A 


“A 




A, 


Mi 


Ay 


a-a 


P 


Ay 


® Y 


P 




Hemoglobin 



Portland 






2 



Gower 1 



^2 ^2 
Gower 2 



«2®Y2 



A 



Fig. 7.31. Normal human globin genes. Single genes exist for 
Hb d, e and The genes for Hb a and Hb 7 are duplicat- 
ed. The products of the two hemoglobin y genes (Hb and 
Hb ^y) differ from each other by a single amino add residue, 



alanine (A) or glycine (G) at position 136. There are no 
known differences between the two Hb a genes. Tetrameric 
hemoglobin formation is shown in the lower portion of the 
figure 
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5 ^ ivst IVS 2 



3 ' 




Hba 



^2 ^ f 



5 kb 



16 

Fig. 7.32. Chromosomal location (16 p) and organization of 
the human a globin gene duster. pseudogene; JVS^ Introns 
(intervening sequences, white hoxes)^ The numbers under- 
neath the Hb a' gene 31, 32, 99, 100 refer to the codon 
numbers of the sequence at which a given intron interrupts 



the exon sequence. Intron 1 Is interspersed between codon 31 
and 32. (Only one pseudogene for Hb a shown; newly dis- 
covered pseudogene 3' of Hb is not shown) (Updated 
Antonarakis et al., 1985 [i^D 




30 31 104 10s 146 



Fig. 7*33. Chromosomal location (up) and organization of the human ^ globin gene duster. Symbols and explanation identical 
as for Fig> 7^^32 [12] 




Fig, 7.34. Overview of protein synthesis with hemoglobin as a 
model. The nucleotides of the DNA hemoglobin gene are 
transcribed (transcription) by the enzyme RNA polymerase 
to form the RNA transcript. Intervening sequences not speci- 
fying structural information are spliced out. mRNA moves 
out of the nucleus (dark gray) into the cytoplasm (light 
gray) were globin synthesis or translation proceeds on the ri- 
bosomes by initiation, elongation, and termination. The glo- 
bin polypeptide chain is formed and heme is inserted, four 
globin chains form the functional hemoglobin molecule 



dogenes for Hb ocj two identical a genes> and a more 
recently discovered gene of unknown function 
(Fig. 7.32). Similarly^ the location of the various genes 
on the cluster are: the embryonic epsilon gene, two 
fetal 7 genes and ^7), the Hb /? pseudogene, and 
a Hb d and a Hb gene (Fig. 7,33). The s' to 3' ar- 
rangement of these genes is in the order of ontogenet- 
ic expression during development. Pseudogenes have 
DNA sequences that resemble those of their homolo- 
gues. However, various mutational alterations have 
inactivated transcription, so that there is no func- 
tional expression. Pseudo genes are presumably dupli- 
cation products that arose during evolution and were 
no longer required for normal function. The Hb <5 
gene, whose gene product comprises only 2% -3% of 
total non-a chains, can be conceived of as a gene in 
transition to becoming a pseudogene. 

All the globin genes have many functional similari- 
ties in organization. Three exons or coding sequences 
code for the unique amino add sequence of each glo- 
bin chain. Between exons 1 and 2 and between 
exons 2 and 3 there are unique intervening sequences 
(IVS) or introns known as IVS-i and IVS-2, respec- 
tively (Figs. 7.33). These introns are transcribed along 
with exons so that the initial gene transcripts reflect 
both coding and noncoding DNA sequences of the re- 
spective gene. Intervening sequences are excised dur- 
ing nudear processing so that the terminus of exon 1 
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Mating type 



Genotype 







Hopkins- 2 




phenotype H b A ; H b S; Hb Hopktns-2 ; H b Hopk i ns- 2 /S 



Hb A 



Offsprin g 



Genotype 




1 




a 








0 * a 


0 




















Hopkins-2 



Phenotype Hb A; Hb S Hb A; Hb S; Hb A Hb A; Hb Hopkins-2 

Hb Hopk ins- 2 
Hb Hopk ins-2 /S 



Fig* 7*35* Formal genetics of a mating between a double het- 
erozygote for Hb a =) and Hb ji (Hb with a nor- 

mal person. Since the genes for Hb a and Hb ^ are located 
on different chromosomes^ free assortment of all chromo- 
somes occurs and four classes of offspring in equal propor- 
tion were found: normal (HbA); HbA/S: sickle cell traiti 
HbA/Hb Hopkins-2: Hopkins-2 trait and compound hetero- 



zygosity for HbS and Hb Hopkins -2 identical to that of the 
affected parent. If the genes for Hb a and ^ were closely 
linked, the parental phenotypes would not be formed in the 
offspring except for possible recombination (Sect. 5.1). The 
closer the linkage, the less the chance of recombination (see 
Fig- 736) 



is spliced to exon 2 and the end of exon 2 to exon 3 to 
form functional mRNA that directs hemoglobin pro- 
duction on the ribosomes* The two intervening se- 
quences of the different genes on the y-d-^ cluster 
are largely identical but differ from shorter interven- 
ing sequences on the a cluster* Study of certain P tha- 
lassemia mutations that interfere with normal exci- 
sion and splicing (see below) has helped to elucidate 
the splicing process. All introns start with GT (donor 
sites) and end with AG (acceptor sites) - these di- 
nudeotides are part of so-called consensus sequences 
at the spiking sites (see [1, 62, 185] for details}* The 
pathway leading from the gene to the hemoglobin 
molecule is shown in Fig. 7.34. 

The biochemical evidence for nonlinkage of the Hb a 
and Hb p genes was preceded by genetic evidence 
that offspring of a mating of the double heterozygote 
for both an Hb a and Hb (i mutation with a normal 
individual includes four phenotypes: normal, Hb 
Hb and the double mutation and (Fig* 7*35)* 

With close linkage of the Hb a and Hb ^ genes, 
both Fib and Hb mutations but not the parental 
types or normals would have been found among the 
offspring* Similarly, genetic evidence for dose link- 
age between Hb 6 and Hb /? came from the failure 
to find recombinants among children from matings 
between double heterozygotes for both the Hb d and 
Hb ^ mutations [34] (Fig* 7*36)* The existence of Hb 
Lepore, a fusion gene, provided biochemical evi- 
dence for linkage of Hb d and Hb ^ genes on the 



same chromosome (see below)* Linkage between y 
and ^ genes could be inferred by demonstrating 
that Hb Kenya is a y-ji fusion gene. Thus, correct in- 
ferences regarding the genetics of the human hemo- 
globins were made before DNA could be examined 
directly. 

Regulatory Elements. Three different but similar se- 
quences are located upstream (5") of any tissue-spe- 
cific {but not housekeeping) gene and appear to be 
involved in the regulation of transcription. These are 
also known as promoter regions [62, 185]* They in- 
clude the TATA or ATA (Hogness) box 30 base pairs 
proximal to the initiation site. This sequence serves 
as a precise site of transcription initiation* Another 
invariant sequence CAAT (at about minus 80 base 
pairs) is a recognition site for RNA polymerase* A 
third distal element is located at 80-100 base pairs 
and has the characteristic sequence PuCPuCCC (Pu, 
purine). Mutations of the promoter regions of the 
globin genes might be expected to reduce hemoglo- 
bin production. Thus, thalassemia has been repor- 
ted to be caused by mutations both in the PuCPuCCC 
region and in the TATA box but not yet by CAT box 
mutations (see below) [137]* 

Intensive work is being carried out to elucidate the 
mechanisms of gene regulation by various regulatory 
elements that are located in the flanking areas of the 
globin genes [231], The regulation of globin gene ex- 
pression is a major model for the study of gene ex- 
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Motin q type 



Genotype 




Phenotype HbA;HbS; Hb A^Hb Bj Hb A;Hb 



Offsprin g 



Genotype 




Phenotype Hb A; Hb S; Hb A^ 



Hb A;HbA2;HbBa 



Fig. 7.36. Formal genetics of a mating between a 
double heterozygote for Hb (Hb and Hb d 
(Hb who inherited each mutation from a differ- 
ent parent* The genes for Hb ^ and Hb 6 are closely 
linked* All offspring either inherit the 0 ^ or the 
abnormality. No normals or double hetcrozygotes 
such as the parental type were seen among the chil- 
dren. These findings are consistent with dose link- 
age of the two genes 



pression. In addition to the cis acting promoters, cis 
enhancers have been described which may be located 
several hundred bases upstream or downstream of a 
given structural gene. Intragenic regulatory elements 
within both the ^ globin gene and silencer genes 
have been reported. Of great interest are the locus 
control regions (LCR) for the various globin genes 
which are located 40-100 kb upstream of the globin 
genes and consist of four major DNase I hypersensi- 
tive sites [72, 83]. The globin LCRs are essential for 
gene expression of the various distal globin gene pro- 
ducts and dominate other cis active regulatory ele- 
ments by establishing an active chromatin domain. 
The globin LCRs confer erythroid cell line specific 
expression on their linked promoters. Deletion of ei- 
ther the a or the 0 globin LCR leads to complete in- 
activation of the downstream globin gene complex 
producing a thalassemia [204] and €yd 0 thalassemia 
[71], respectively (see below). 

In addition to these cis active regulatory elements, 
trans acting transcriptional regulators have been 
identified. The most important erythroid factor is 
the GATA-i protein, a DNA binding protein required 
for erythroid differentiation [23]. The gene for 
GATA-i is X-linked. The GATA sequence is the obliga- 
tory DNA sequence to which this protein binds. Other 
GATA proteins have been described* There appears to 
be intricate interaction between the various trans act- 
ing transcription factors and the different cis regula- 
tory sequences of the globin genes. The fuU elucida- 
tion of regulation at cyd 0 linked loci is likely to pro- 
vide insight into mechanisms which control the de- 



velopmental switch from embryonic (s gene) to fetal 
iy genes) and ultimately to postnatal {ft gene) globin 
production. A favorite hypothesis suggests that glo- 
bin switching is caused by competition between the 
different developmental globins genes for access to 
the LCR [23]. 

Downstream Sequences, Transcription terminates 
about 1000 base pairs downstream from exon 3 of 
the ft gene. The highly conserved sequence AAU 
AAA provides the signal for endonucleolytic cleavage 
of RNAj which is followed by addition of the polyA 
tail of 220 residues. This polyA is not coded for by 
DNA at the globin gene site. The polyA nucleotides 
are required to stabilize mRNA, which carries the ge- 
netic information from the genes of the nucleus to 
the ribosomes where globin synthesis occurs by join- 
ing amino adds in their characteristic sequence 

(Fig* 734)^ 

DNA Polymorphisms at the Globin Genes [12], Gene 
mapping by restriction enzyme analysis of the ydft 
gene duster led to the recognition of considerable 
variation in DNA sequence between different indivi- 
duals (Fig. 7.37), DNA variants at the Hb ft gene com- 
plex recognized as single nucleotide substitutions 
are symbolized as either present (+) or absent {-). 
Among 17 polymorphic sites at the Hb ft cluster 12 
are located at flanking DNA, 3 within introns, 1 with- 
in a pseudogene, and 1 only within the coding (syn- 
onymous) portion of the Hb ft gene. This distribution 
is not unexpected since mutations affecting the cod- 
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Fig. 7.37, Restriction enzyme polymorphisms at the Hb ^ 
(above) and Hb a (below) genes. Numbers, sites at which var- 
ious restriction enzymes cut the DNA. ffVR, Hyper variable 



Table 7.9. Frequency of DNA polymorphic sites in the fi glo- 
bin gene duster in different populations (from Antonarakis 
et al. 19S5 [iz] ) 



Polymorphisms 


Greeks 


African- 

Americans 


Southeast- 

Asians 


Taql 


(1) 


1,00 


0.88 


1.00 


Mine II 


(2) 


0,46 


O.IO 


0.72 


Hind III 


(3) 


0.52 


0.41 


0.27 


Hind III 


(4) 


0.30 


0.16 


0.04 


Pvull 


C5) 


0.27 






Mine II 


(6) 


0.17 


0.15 


0.19 


Hint II 


(7) 


0.48 


0,76 


0.27 


Rsal 


(8) 


0.37 


0,50 




Taql 


(9) 


0.68 


0.53 




Hinfl 


(10) 


0,97 


0.70 


0.98 


Rsa I 


(1!) 








HgiA 


(12) 


0.80 


0.96 


0.44 


Avu I! 


(13) 


0.80 


0.96 


0,44 


Hpal 


(14) 


LOO 


0.93 




Hind III 


(15) 


0.72 


0.63 




Barn HI 


(16) 


0.70 


0.90 




Rsal 


(17) 


0,37 


0.10 





The numbers in parentheses refer to the restriction enzymes 
in Fig. 7.37. 

ing regions would be more likely to cause harmful ef- 
fects. Presumably, since much of the DNA between 
coding blocks is not expressed, sequence variation 
usually has no functional consequences. The various 
polymorphic sites are of ancient origin since they 
are found in all racial groups {Table 7.9), Some var- 
iants occur as polymorphisms only in blacks and 
not in other racial groups. Two DNA polymorphisms 
at the Hb a locus show another frequent type of 
DNA variation - hyp ervari able regions. 

A specific arrangement of polymorphisms at a gene 
cluster (or a gene locus) has been termed a haplo- 



HVR-2 

regions (minisatellitesi see also Table 7*9)* (From Antonarakis 
et al. 1985 [12]) 



type. For example, a given array of five polymorph- 
isms may be symbolized as + - H h in an upstream 

(5^) to downstream (3') direction, 

A remarkable feature of the DNA variants at the ^ 
gene duster is their linkage disequilibrium. 
(Sect, 5.2.5} If there were free recombination over 
many generations, one would expect random associa- 
tions of any two polymorphic sites and a very large 
number of haplotypes (2^* where n is the number of 
polymorphisms; with there would be 16 expected 
haplotypes}. Instead, only a few haplotypes have 
been found. For instance, strong linkage disequili- 
brium for eight polymorphisms upstream from the d 
gene exists {1-8 in Fig, 7,37) so that four haplotypes 
account for 94% of all chromosomes. Similarly, four 
haplotypes account for 90 % of haplotypes for five 
polymorphisms (12-17 Fig’7’37)s which are located 

over an 18-kb region downstream and including the 
^ gene. Surprisingly, complete randomization was 
found when these upstream und downstream clusters 
of polymorphisms were compared. The most reason- 
able interpretation postulates a high recombination 
rate at a site separating these clusters - a recombi na- 
tional hot spot; a recombination has already been 
found in one family. 

Hemoglobin Variants. Hemoglobin variants are 
caused by a variety of mutational events affecting a 
given hemoglobin gene. The most common hemoglo- 
bin variants are amino acid substitutions affecting a 
single amino acid of a giobin chain. Almost 600 
such substitutions have been described (Table 7.10}. 
These substitutions are caused by replacements of a 
single nucleotide in a given codon triplet of the 
DNA, which changes the mRNA triplet to one that 
specifies a different amino acid such as GUA (valine) 
to GAA (glutamic acid) (see third line of Fig, 7,38), If 
the electric charge of the mutant amino acid is differ- 
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Table 7 , 10 , Frequency and molecular mechanisms of globin 
gene mutations (from Bunn 1994 [ 41 ]; Carver and Cutler 

1994 [54]) 

Mechanism Hemoglobin Chain 



0 ®’ 

Normal 




[Hb Bristol) 



( Hb Milwaukee) 





a d y 


Val 


Glu 


Asp 


Mis sense mutations 




GUU 


► 


OAU 


Single nucleotide 


185 313 74 25 


GUC 




GAC 


substitutions 




Codons: 






Two replacements in 


] 14 


GUA 


GAA 




subunit 




GUG 


GAG 




Deletions 


3 14 


Fig* 7 . 38 * Codon polymorphism. 


The usual amino acid at po- 


Insertions 


3 1 


sition 67 of the Hb chain is valine, Hb Bristol and Hb Mil- 


Deletions/insertions 


3 


waukee are caused by different mutations at that site replac- 



Extended subunits 
Terminator mutations 
Frame shifts 
Initiator methionine 
retained 

Fusion hemoglobins 



dftd-l 
7/?- 1 



ing the original valine with Glu (Hb Bristol) and Asp (Hb 
Milwaukee). Below, the possible codon triplets for valine. A 
mutation from Val to Asp could have arisen only from GUU 
or GUC while that from Val to Gin could have originated 
only from GUA or GUG. Consequently the original persons 
who underwent the two different mutations must have used 
different codons for specifying the normal valine at Hb 



The numbers refer to the total numbers of globin gene muta- 
tions (exclusive of thalassemias, collated in 1994)* 

ent, the variant hemoglobin can be recognized by its 
altered behavior on electrophoresis. Mutations that 
do not change electrophoretic charge are usually de- 
tected only if they affect hemoglobin function dele- 
teriously and cause disease* Most hemoglobin muta- 
tions regardless of whether they affect electrophoretic 
charge have no effect on hemoglobin function and 
are compatible with normal health. In general, ammo 
acid substitutions of the exterior of the hemoglobin 
chains cause fewer perturbations of function than 
those replacing amino acids in the chain interior or 
close to the insertion of the heme group. Substitu- 
tions affecting normal helical turns of the chain often 
cause hemoglobin instability* Amino acid replace- 
ments affecting subunit contacts are often associated 
with abnormalities in oxygen affinity [230]* Most he- 
moglobin variants are rare* A few, such as HbS> HbC> 
and HbE, have reached higher frequencies by natural 
selection and are further discussed in Sect. 12.2.1*6* 
Polymorphisms at the nucleotide level in the coding 
area also exist. The genetic code is degenerate {Ta- 
ble 3,2), i*e„ several codons can code for an identical 
amino acid (see Pig* 7*38). Consideration of two dif- 
ferent amino acid substitutions at Hb (Fig* 7,38) 
shows that the original codon for valine at Hb 
from which the mutation occurred must have differed 
in the two individuals in whom the mutation occur- 



30 




Partial pressure 
of Oj (mm Hg ) 

Fig* 7 * 39 . O 2 dissociation curve of a hemoglobin with in- 
creased oxygen affinity Note that the abnormal hemoglobin 
Rainier does not release oxygen at lower partial pressures of 
oxygen as readily as normal hemoglobin. Tissue hypoxia re- 
sults and stimulates erythropoietin formation with resultant 
erythrocytosis 



red and the new hemoglobin arose. Such codon poly- 
morphisms have been shown directly by DNA analy- 
sis* 

Clinical Effects of Hemoglobin Variants. The results of 
compromised hemoglobin function can produce dif- 
ferent types of disease. There are four principal cate- 
gories of hemoglobin diseases: (a) hemolytic anemia 
due to unstable hemoglobins, (b) methemoglobine- 
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mia due to more rapid hemoglobin oxidation, (c) ery- 
throcytosis due to abnormal oxygen affinity causing 
hypoxia with resulting erytropoietm product! on, and 
(d) sickle cell disorders due to distortion of the red 
cell membrane by HbS. In all cases except the sickling 
disorders, heterozygotes are affected, i.e., the muta- 
tions manifest as auto somakdom inants (see also 
Sect, 7,6), 

Unstable Hemoglobins [42, 260], Over 100 unstable 
hemoglobins have been described. Approximately 
three- fourths of these affect the /i chain. Many un- 
stable hemoglobins have amino acid substitutions or 
deletions affecting the heme pocket of the globin 
chain. Clinical manifestations vary from mild in- 
stability which is not cUnically apparent to severe in- 
stability which causes increased blood destruction. 
Sulfonamides produced more severe hemolysis in 
subjects with several unstable hemoglobins. The in- 
stability of these hemoglobins is often caused by pre- 
mature dissociation of the heme from the globin 
chain. Such heme-depleted globin is precipitated as 
intracellular material known as Heinz bodies and in- 
terferes with cell membrane function. Heinz bodies 
may be removed (“pitted”) by the spleen without de- 
struction of the red cells that carry them. Ultimately, 
such red cells are removed prematurely by the reticu- 
loendothelial system. In some unstable hemoglobins, 
splenectomy may ameliorate the severe hemolysis. 
The diagnosis of unstable hemoglobins, if not associ- 
ated with electrophoretic mobility alterations, is diffi- 
cult and may require isolation of the precipitated glo- 
bin chains for further analysis in specialized labora- 
tories, The unstable hemoglobins contribute to the 
heterogeneous class of the congenital nonspherocytic 
hemolytic anemias which are often caused by gly- 
colytic defects of carbohydrate metabolism (Sect, 
7,2, 2, 2), Unstable hemoglobins have been found as 
fresh mutations and identical hemoglobins (Le,, Hb 
Koln, Hb Hammersmith) have been found several 
times as a new mutation in different individuals 
from different families [42]. 

Methemoglobinemia Due to HbM [42], HbM was the 
very first globin abnormality discovered as a domi- 
nant trait; the discovery was made in a family with 
congenital cyanosis by Hdrlein and Weber in 1948 
[120] (see above, Sect. 7.3,1), It is interesting that the 
first discovered human enzyme deficiency was the re- 
cessively inherited methemoglobin reductase defi- 
ciency which also produces methemoglobinemia 
[100]. Methemoglobinemia can therefore be caused 
either by a dominantly inherited globin abnormality 
or by a recess ively inherited enzyme deficiency. 

Seven different mutations can produce HbM, (Ta- 
ble 7.11). Methemoglobinemia is caused by the more 



Table 7,11, HbM (from Hayashi et aL 1980 [ill]) 





Location of 
mutation 


Helical 

residue 


a chain 


M Boston 


Hi»-*TVr 


E7 


M Iwate 


His +Tyr 


F8 


0 chain 


M Saskatoon’ 


^3 Hi»->Tyr 


E 7 


M Hyde Park 


^2 Hw -^iyr 


F8 


M Milwaukee 1 


^7 ^lu 


£ n 


y chain 


M Osaka 


ybi Hii-iTr 


E7 


M Fort Ripley 


yn His iTyf 


FS 



^ Horlein and Weber's classic HbM [126], 



rapid oxidation of divalent iron to trivalent iron. Six 
HbM mutations are caused by tyrosine replacements 
of the histidine residues that anchor the heme group 
in its characteristic pocket (Fig. 7.28) of the globin 
molecule and stabilize the heme iron. The seventh 
mutation - Hb Milwaukee 1 - cannot yet be fully ex- 
plained on molecular grounds. Patients with HbM 
mutations of the a chain are cyanotic from birth. 
Those with HbM mutation of the chain do not de- 
velop severe cyanosis until 6 months of age, when 
the y chains are replaced by chains. Mild hemolysis 
is common in patients with HbM, HbM mutations of 
the y chain are manifested with cyanosis at birth; 
this disappears in a few months after ^ chains have 
replaced y chains, 

Erythrocytosis Due to Hemoglobins with Abnormal 
Oxygen Affinity [20, 42], More than 50 hemoglobins 
with increased oxygen affinity are known to exist. 
Substitutions affect a, contact of the tetramer. 
Movement of the globin subunits during oxygenation 
occurs at this interchain contact. Stabilization of the 
oxy conformation or destabilization of the deoxy con- 
formation by a mutation may result in increased oxy- 
gen affinity (Fig, 7,39), Most hemoglobins with high 
0 ^ affinity have substitutions of the CO OH terminal 
of the chain or at binding sites of diphosphoglyce- 
rate (DPG), which are normally involved in mainte- 
nance of stability of the deoxy conformation. 

The increased oxygen affinity reduces oxygen deliv- 
ery to the tissues with resultant hypoxia (Fig, 7,39), 
Hypoxia leads to release of the hormone erythropoie- 
tin, which stimulates red cell production with resul- 
tant erythrocytosis. Patients with ery throcytosis due 
to abnormal hemoglobins are sometimes erroneously 
diagnosed as suffering from polycythemia vera, A 
dominant pattern of inheritance and the absence of 
splenomegaly, leukocytosis, and thrombocytosis dif- 
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ferentiates erythrocyte sis due to an abnormal hemo- 
globin from polycythemia vera. Occasional cases of 
this type of abnormal hemoglobin have occurred as 
fresh mutations. 

Only a few hemoglobins with reduced oxygen affinity 
have been detected [20]* With increased oxygen de- 
livery to the tissues caused by the reduced affinity 
for hemoglobin, a lessened production of erythro- 
poietin would be expected. The expected mild anemia 
usually has been demonstrated. 

Sickle Cell Disorders [41, 42, i6ij 221]. HbS is caused 
by the substitution of valine for glntamic acid in the 
sixth position of the ^ chain. Unlike all other substi- 
tutions, this particular mutation affects the solubility 
and crystallization of hemoglobin under conditions 
of hypoxia. Patients with sickle cell anemia inherit 
the abnormal gene from each of their parents and 
lack HbA, With a relatively low degree of hypoxia, 
the HbS of such patients polymerizes into filaments 
of high molecular weight that associate to form bun- 
dles of fibers. These abnormal hemoglobin crystals 
distort the red cell membrane to its characteristic 
sickling shape (Fig, 7,40), Some of these ceils remain 
irreversibly sickled and are destroyed prematurely, 
Skkled cells increase blood viscosity and impede 
normal circulation in small blood vessels. The resul- 
tant hypoxia leads to more sickling with a vicious cy- 
cle of more stagnation and characteristic episodic 
sickle crises with abdominal and musculoskeletal 




Fig. 7,40, Scanning electron micrographs of oxygenated (A) 
and deoxygenated (B, C) red cells from a patient with homo- 
zygous sickle cell anemia. Note the normal biconcave shape 
of the red cell without any HbA and distortion under condi- 
tions of hypoxia. The appearance of cells such as depicted in 
B led to the term sickle cell since the red cell resembles a 
sickle - an agricultural tool. (From Bunn et al. 1977 [42]) 



pain. After several years, necrosis of poorly perfused 
tissues, such as the spleen, occurs, and this organ 
atrophies. 

Carriers of the sickle cell trait who have one normal 
(Hb / 3 ^) and one abnormal gene (Hb 0 ^) have only 
25 %-40 % HbS. These individuals are clinically nor- 
mal, Their red cells contain both HbA and HbS, and 
have a normal red cell life span. In vivo sickling oc- 
curs only under conditions of severe hypoxia, such 
as at atmospheric conditions over 3000 m [216], 
Certain other hemoglobins when present together 
with HbS in a red cell decrease the extent of sickling, 
HbF reduces the gelling and crystallization of HbS so 
that patients with sickle cell anemia and large 
amounts of HbF have few or no symptoms of sickle 
ceO anemia, HbF in many of these instances is con- 
tributed by a gene for hereditary persistence of fetal 
hemoglobin (see below). In general, there is an in- 
verse correlation between the amount of HbF and 
the severity of symptoms in sickle cell anemia. Any 
manipulation that would increase fetal hemoglobin 
production would therefore cause clinical improve- 
ment in sickle cell anemia [9]. Coexisting a thalasse- 
mia in patients with sickle cell anemia is associated 
with less anemia and improved survival. The clinical 
manifestations of the thalassemias are covered be- 
low. 



73*3 Other Types of Hemoglobin Mutations 

Deletions. The deletion of whole hemoglobin genes 
has been identified. Deletion of Hb a genes causes a 
thalassemia, and deletion of both the Hb d and Hb ^ 
genes causes hereditary persistence of fetal hemoglo- 
bin (HPFH) or Hb d [3 thalassemia (see below). 

The deletion of a single nucleotide triplet or codon 
leads to a deletion of the amino acid specified by 
that codon. A deletion that removes four codons or 
12 nucleotides would cause deletions of four amino 
acids. Deletions of up to five amino acids corre- 
sponding to 15 nucleotides have been seen (see Ta- 
ble 7,12), It is likely that more extensive intraglobin 
deletions would be incompatible with formation of a 
viable hemoglobin molecule. Most deletion mutants 
are either unstable or have increased affinity or 
both (Table 7,12). All but three known intragenic dele- 
tions affect the Hb ^ gene. It is not quite clear why so 
few Hb a deletions have been detected. Possibly, they 
are more deleterious during embryonic and fetal life 
where Hb deletion would be less harmful (see 

Fig, 700)^ 

If a deletion affects a number of nucleotides not di- 
visible by 3, the continued reading of the code in tri- 
plets creates new sets of triplets that specify entirely 
different amino acids (“frameshift^ mutants), A re- 







Human Hemoglobin 311 



Table 7*10. Hemoglobin variants caused by deletions (from Carver and Cutler 1994 [54]) 



Hb 


Site of deletion 


Amino acid residue (s) deleted 


Properties 


Leiden 


/j6or7 


Gin 


Unstable, TO2 affinity 


Lyon 


{i 17-18 


Lys, Val 


TO2 affinity 


Freiburg 


fill 


Val 


TO2 affinity 


Higashitochigi 


ji 24 or /? 35 


Gly 


Unstable 


Korea 


p 33 or p 34 


Val 


Unstable; thalassemia 


Bruxelles 


P 41 or P 43 


Phe 


Unstable; iO^ affinity 


Niteroi 


p 42-44 or p 43-45 


Phe, Glu, Ser 


iO; affinity, unstable 


Tochigi 


P 56-59 


Gly, Asn, Pro, Lys 


Unstable 


Ehime 


p 57-59 


Asn, Pro 


- 


St. Antoine 


P 74-75 


Gly, Leu 


Unstable, normal 0 ^ affinity 


Vicksburg 


pis 


Leu 


- 


Tours 


PS7 


Thr 


t02 affinity, unstable 


Gun Hill 


P 91-95 or P 92-96 or j3 93-97 


Leu, His, Cys, Asp, Lys 


affinity, unstable 


McKees Rock 


P 145-146 


Tyr + His 


tOj affinity 





139 


UO 


U1 


U2 




U4 


U5 


146 


U7 


U8 


Kormal 


AA (g) 


UAC 


CGU 


UAA 














Hb 

Constant Spring 


Lys 


Tyr 


Arg 


STOP 

1 












aa[^) 


uAc dou CAA GCU GGA GCC 


UCG GUA GC (] 


Lys 


Tyr 


Arg 


Gin 


Ala 


Gly 


ALa 


Ser 


Vat 


Ala 


Hb 






















Wayne 


AAjU 


ACC 


GLX: 


AAG 


CUG 


GAG 


ecu 


CGG 


UAG 




AsJ 


Thr 




Lys 


Leu 


Gin 


Pro 


Arg 


STOP 





Fig. 7.41. The 3' end of Hb a gene. Note that in Hb Constant 
Spring a mutation has changed the stop codon 142 UAA to 
CAA, allowing translation of flanking nucleotides usually 
not expressed. The sequence of a few codons among a total 
of 31 additional codons is shown, Hb Wayne is caused by de- 
letion of the third nucleotide of the i39th codon. The first U 
nucleotide of the 140th codon is used as a third nucleotide 
of the 139th codon forming a new codon AAU, which speci- 



fies Asn. The resultant frameshift in reading the code results 
in hemoglobin Hb Wayne. The amino add sequence of Hb 
Wayne can be predicted from the nucleotides of Hb Constant 
Spring by reading the shifted codes in multiples of three as 
shown by the bracket above and below the nucleotides of Hb 
Constant Spring. Hb Wayne has only five additional amino 
acids since a stop codon UAG is reached after translation of 
five codons 



sultant globin structure can sometimes be identified. 
Hb Wayne (Fig. 7.41} appears to be caused by a dele- 
tion of a single nucleotide at the 139th codon near 
the terminus of the Hb a chain, which consists of 
141 amino acids. The nucleotides of the termination 
codon at position 142 are read out of phase and the 
shifted reading frame continues until a new termina- 
tion codon (UAG) is encountered. Thus, a slightly 
elongated hemoglobin chain with five additional ami- 
no acids specified by nucleotides of the downstream 
flanking area of the a gene (see Figs, 7,32, 7,41) results. 
Since the reading frame is shifted, the sequence of 
these amino acids differs from the downstream ami- 
no acid sequence of the terminator mutations of the 
Hb a gene such as Hb Constant Spring (see Fig. 7.41) 
which is translated in phase. 



It is understandable that the deletion characteristic of 
Hb Wayne was identified close to the end of the a 
chain. Any deletions of nucleotides that lead to “read- 
ing frame"" shift errors at positions other than those 
near the end of the structural globin are unlikely to 
specify viable globin sequences. The resultant pheno- 
types would therefore be those of “thalassemia” with- 
out an identifiable gene product, e, g. thalassemia 
(see below). 

Deletions are most likely due to mispairing of 
homologous sequences of nucleotides during either 
meiosis or mitotic division in germ cell development. 
Examination of nucleotide sequences around the 
areas of deletions for the various deletion mutants 
shows expected homologies that facilitates mispair- 
ing. Recombination or crossover events following 
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mi sp airing then may lead to deletions of various si- 
zes. 

Fusion genes may be another result of mispairing. 
The homology of various globin genes may lead to 
mispairing between similar but not identical genes 
and nonhomologous crossover may lead to fusion 
genes that encode the NH^ terminal portion of one 
globin and the COOH terminal portion of another 
*"Hb Lepore” is a Hb fusion gene (Fig. 742), and 
several kinds of Hb Lepore with differing amounts 
of 6 and ^ gene material depending upon the site of 
crossover exist (Fig* 742), In the various types of Hb 
Lepore, portions of both the normal Hb d and Hb /J 
genes are deleted, and a new Hb fusion gene re- 
places them (Fig, 744), In Hb Kenya there is misalign- 
ment between Ub^y and Hb /?, with crossover and re- 
sultant deletion of Hb‘"y, Hb Hb d, and pro- 
duction of a new chromosome consisting of Hb^y 
and a Hb^y -/5 fusion gene (Fig. 744), 

Duplications. Duplications may affect whole genes, 
such as the duplications during evolution that led to 
the various globin chains (rr, jd, d, The exist- 



ence of two a globin genes and two y globin genes 
(^y and ^y) on a single chromosome are examples 
of more recent evolutionary dupbcations* Intragenic 
duphcations are known to exist* In Hb a Grady resi- 
dues 116-118 are duplicated [122]* 

Duplications of one or two nucleotides may lead to 
frameshift mutations. Such frameshifts have been 
discovered near the terminus of the ^ chain [42] . Hb 
Tak is caused by duplication of the nucleotide AC fol- 
lowing the 146th position^ and Hb Cranston owes its 
origin to duplication of the nucleotide AG following 
the 144th position of the /? chain (Fig* 7.43), Hb Cran- 
ston has unique amino acids at positions 145 and 146* 
Hb Tak has a normal sequence up to and including 
position 146* The chain normally has 146 amino 
acids* The frameshifts by insertion of the two nucleo- 
tides in both Hb Cranston and Hb Tak makes for an 
identical reading frame following positon 146. Both 
hemoglobins are elongated by the same amino acid 
sequence at the NH^ terminal until a new stop codon 
(UAA) terminates the sequence at position 158. The 
new elongated sequence reflects the downstream 
flanking nucleotides of the ^ gene (Fig* 7.43}. 





9 


12 


22 


50 


36 


67 


116 


117 


124 


126 


6 - Chain 


Thr 


Asn 


Ala 


Ser 


Ser 


Glu 


Arg 


Asn 


Glu 


Met 


fl - Chain 


Ser 


Thr 


Glu 


Thr 


Ala 


Thr 


His 


His 


Pro 


Val 



Lepore- 

HollandiQ 



Lepore- 

Baltimore 



Lepore - 
Washington 
Boston 



Miyodo 



P - Congo 



P - Nilotic 



6 


B 


6 


0 


6 


n 


n 


6 


R 


6 


n 


6 



Fig* 7*42. The and fusion genes. Above, the ten differ- 

ences between amino acids in the Hb S and Hb ft. Otherwise 
Hb d and Hb are identical in amino acid structure. Three 
different types of Hb Lepore have been found* In Hb Lepore 
Hollandias the crossover between Hb <5 and Hb ^ occurs be- 
tween positions 22 and 50* The exact site of crossover is inde- 
terminate since there are no differences between Hb 6 and 



Hb ft at these two positions. In Hb Lepore Baltimore the 
crossover occurs between positions 50 and 86 and in Hb Le- 
pore Washington- Boston between positions 87 and 117. By 
similar reasoning, the sites of crossover are shown for var- 
ious Hb ft-d or anti-Lepore hemoglobins. {Adapted from 
Forget 1978) 
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144 


145 


t46 


147 


148 


149 


150 


151 


152 


153 


154 155 


156 


157 


158 


Normal 


AAG 


UAU 


CAC 


UAA 


GCU 


CGC 


UUU 


CUU 


GCU 


GUC 


CAA UUU 


CUA 


UUA 


AAG 




Lys 


Tyr 


His 


STOP 























Hb 

McKees Rock AAG UAA 
Lys STOP 



Hb 

Tok 



AAG UAU AA6 CUC GCU UUC UUG CUG UCC AAU UUC UAU UAA 

Lys Tyr His Thr Lys Leu Ala Phe Leu Leu Ser Asn Phe Tyr STOP 



Hb 

Cranston 



AM 


MU AUC 


ACU 

j i 


AAG 
.» u. 


cue GCU 


UUC 

1 L 


UUG 

1 1 


CUG UCC 


AAU 

l U- 


UUC 


UAU UAA 


Lys 


Ser 


lie 


Thr 


Lys 


Leu 


Ala 


Phe 


Leu 


Leu 


Ser 


Asn 


Phe 


Tyr 


STOP 


144 


145 


U6 


147 


148 


149 


150 


151 


152 


153 


154 


155 


156 


157 


15B 



Fig. 743. The 3' end of hemoglobin ^ gene. The Hb chain 
normally has 146 amino acids. Hh McKees Rock has 144 ami- 
no acids since a mutation has altered the codon UAU (Tyr) of 
the 145th position to the stop codon UAA. In Hb Tak and Hb 
Cranston the last two nucleotides AC at position 146 and the 
last two nucleotides AG of codon 144, respectively, have been 
duplicated. The involved nucleotides are singly and doubly 
underlined. The resulting coding frameshift by two nucleo- 



tides makes for an identical amino add sequence in Hb Tak 
and Hb Cranston starting with position 147 until the stop co- 
don UAA at position 158 is reached. Brackets define the codon 
triplets of the normal sequence as shown in the upper part of 
the figure. The actual amino add sequences of Hb Tak and 
Hb Cranston have been determined, and these correspond 
exactly to those of the actually determined nucleotides of 
the normal Hb ^ gene 



Duplications of fewer than three nucleotides produce 
an out- of- phase reading frame and are not likely to 
give rise to a viable hemoglobin molecule if they oc- 
cur at portions of the gene other than those specify- 
ing the terminus of the hemoglobin chains. Duplica- 
tion gene products would also be expected from 
crossover events as the counterpart of fusion genes 
(Figs. 7.42, 7.44). The resultant (d, P) gene pro- 
ducts or Hb anti-Lepore have in fact been identified 
several times as Hb Miyada, P Congo, and P Nilotic 
(Fig. 7,42). The expected Hb anti-Kenya product (^y, 
Vj /^) 7*44) been found. 

Duplications presumably have the same origin as de- 
letions and arose from mispairing followed by non- 
homologous crossover as shown in Fig. 7.44. 

73.4 Thalassemias and Related Conditions 

[ 12 , 42 , 120 , 185 , 193 , 253 ] 

A variety of conditions are characterized by geneti- 
cally determined diminished or absent synthesis of 
one or another of the hemoglobin chains. These dis- 
eases are known as the thalassemias. This term is de- 
rived from thalassaf Greek for the Mediterranean Sea, 
and was originally selected to describe the Mediter- 
ranean origin of many gene carriers of these condi- 
tions. Although ethnologically and geographically in- 
correct, the term continues to be used widely Thalas- 
semias can be subdivided into a, d and eydp 



forms depending upon which globin chain is absent 
or reduced. The a and ^ thalassemias are quite com- 
mon and clinically most important; d and y thalasse- 
mias are clinically silent. Some thalassemias are 
caused by hybrid or fusion genes consisting of fused 
Hb (} and Hb d or y and gene products (see above). 
Various genetic mechanisms including point muta- 
tions and deletions have been demonstrated to cause 
diminished or absent production of globin chains. 
The etiology of the thalassemias is therefore highly 
heterogeneous [253]. The World Health Organization 
has estimated that as many as 7% of the world's total 
population are carriers of a or thalassemia, with 
the proportion being much higher in the developing 
world. 

Advances in understanding the thalassemias at the 
molecular level have led to better comprehension of 
the mutational lesions in human mutations in general 
[63]. Elucidation of globin gene regulation has been 
aided significantly by investigation of various thalas- 
semia genes. It has become clear that mutational in- 
terference with the various steps involved in globin 
synthesis can reduce and thalassemias) or 
abolish globin production {a^ and thalassemias). 
Deletion of either the a loci {see below) or the lo- 
cus always leads to or 0 ^ thalassemia^ respectively 
[12, 185, 283]. 

Thalassemia: Transcription or Promoter Mutations, 
Thalassemia mutations that affect the noncoding 5^ 
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6-p 

« 1 

Hb Lepore 

(Baltimore) 



(3 

I ( 

6 0-6 0 

I I--I 1 

Hb Anti Lepore 

(Hb Miyada, Hb P Congo^ Hb P Nilotic 




Gy Av-p 

I 1 - I 1 

Hb Kenya 



Gy A V 6 

I 1 \....} -1 — * 1...^ 1 

Ay 

Gy Ay 

1 4--'l 1-- 

Fig.7*44* Formation of hemoglobin fusion genes. Mispairing 
between the Hb d and Hb ^ genes followed by recombination 
within the structural gene leads to a 60 fusion gene (Hb Le- 
pore) with deletion of the normal Hb d and Hb 0 gene* The 
alternate product of such nonhomologous crossovers makes 
for creation of a 0-6 fusion gene preceded by a normal Hb^ 
gene and followed by a normal Hb 0 gene* Such Hb anti-Le- 
pore forms have also been discovered (Hb Miyadaj Hb P, Hb 




Hb Anti - Kenya 

Congo, see Fig* 7,42). Mispairing between the Hb 0 and Hb 
genes followed by recombination has yielded a ^y-0 fu- 
sion gene known as Hb Kenya* The diagram indicates the 
reason why the normal Hb d and 0 genes have been de- 
leted, and the Hb y gene is preserved in cases of Hb Kenya* 
A postulated Hb anti-Kenya is pictured but has not yet been 
discovered 



upstream regions of the Hb 0 gene are regulatory 
mutations which affect gene transcription* Mutations 
at the more distal regulatory constant sequence PuC- 
PuCCC and within the regulatory TATA box have 
been described (Table 7*13)- These mutations dimin- 
ish hemoglobin synthesis and manifest themselves 
as relatively mild thalassemias [63, 143]* No muta- 
tions have yet been found at the CAAT box. 

RNA Cleavage and Polyadenylation Mutations. A 0 ^ 
thalassemia mutation AATAAA ^ AACAAA in the 
downstream flanking sequences of the Hb 0 gene 
has frequently been discovered among African-Amer- 
icans, demonstrating that a downstream mutation 
can affect transcriptional efficiency* The apparent 
prevalence of the transcription mutation at the TATA 
box (see above) and this RNA cleavage mutation (Ta- 
ble 7*14) explains the rather mild nature of 0 thalasse- 
mia in African-Americans* Other mutations of this 
type have also been described [63] (see Table 7.13)* 



Terminator (Nonsense) and Frameshift Mutations. As 
explained above, mutations that lead to a terminator 
signal within an exon coding for hemoglobin would 
produce a foreshortened nonfunctional globin chain 
and thus lead to 0 ^ thalassemia. Eight such mutations 
have been found. One of these mutations is common 
in persons of Mediterranean heritage { 0 ^^ C->T; Ta- 
ble 7*14). A restriction enzyme (Mae 1) which recog- 
nizes this sequence has been identified and can be 
used for direct diagnosis of this 0 ^^ thalassemia mu- 
tation [237]* 

Deletions or insertions of fewer or more than three 
bases produce frame shifts with garbled coding, caus- 
ing effective termination of functional globin syn- 
thesis, A total of more than 20 frameshift 0 ^ thalasse- 
mia mutations of this type have been identified in 
various populations* (Table 7*13)* 

RNA Processing Mutations - Splice Mutations. Proces- 
sing of mRNA transcripts involves excision of inter- 
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Table 7,13, Molecular pathology of the ^ thalassemias (from Wheatherall 1994 [253]) 



Mutation 


or (P Thalassemia 


Population 


L Nonfunctional mRNA 
Nonsense mutants 


Codon 17 (A ->T) 


0 


Chinese 


Codon 39 (C -> T) 


0 


Mediterranean, European 


Codon 15(G->A) 


0 


Hast Indian 


Codon 121 (A — >T) 


0 


Polish, Swiss 


Codon 37 (G -> A) 


0 


Saudi Arabian 


Codon 43 (G->T) 


0 


Chinese 


Codon 61 (A ->T) 


0 


African 


Codon 35 (C -> A) 


0 


Thai 


Frameshift mutants 


— 1 Codon ] {- G) 


0 


Mediterranean 


- 2 Codon 5 (- CT) 


0 


Mediterranean 


— 1 Codon 6 {- A) 


0 


Mediterranean 


— 2 Codon 8 (- AA) 


0 


Turkish 


+ 1 Codons S/9 (+ G) 


0 


East Indian 


- 1 Codon 11 (— T) 


0 


Mexican 


+ 1 Codons 14/15 (+ G) 


0 


Chinese 


- 1 Codon 16 (--C) 


0 


East Indian 


+ 1 Codons 27-28 (+ C) 


0 


Chinese 


- 1 Codon 35 C) 


0 


Indonesian 


- 1 Codons 36-37 (- T) 


0 


Iranian 


- 1 Codon 37 (- G) 


0 


Kurdish 


- 7 Codons 37-39 


0 


Turkish 


- 4 Codons 41/42 (- CTTT) 


0 


East Indian, Chinese 


— 1 Codon 44 (- C) 


0 


Kurdish 


“ 1 Codon 47 (4 A) 


0 


Surinamese black 


— i Codon 64 {“ G) 


0 


Swiss 


+ 1 Codon 71 (+ T) 


0 


Chinese 


+ 1 Codons 71/72 (+ A) 


0 


Chinese 


^ 1 Codon 76 {- C) 


0 


Italian 


^ 1 Codons 82/S3 (- G) 


0 


Azarbaijani 


-H 2 Codon 94 (+ TG) 


0 


Italian 


+ 1 Codons 106/107 (+ G) 


0 


African-American 


- 1 Codon 109 (-G) 


+ 


Lithuanian 


- 2, + 1 Codon 1 14 (- CT, + G) 


+ 


French 


- 1 Codon 126 (- T) 


+ 


Italian 


-4 Codons 128-129 


0 




- 11 Codons 132-135 


0 


Irish 


+ 5 Codon 129 


0 




Initiator codon mutants 


ATG AGG 


0 


Chinese 


ATG ^ ACG 


0 


Yugoslavian 


2. RNA-pro cessing mutants 
Splice junction changes 


IVS-l position 1 (G — > A) 


0 


Mediterranean 


IVS-1 position 1 (G — > T) 


0 


East Indian, Chinese 


lVS-2 position 1 (G — > A) 


0 


Mediterranean, Tunisian, African- 
American 


IVS-1 position 2 (T— G) 


0 


TXmisian 


lVS-1 position 2 (T -> C) 


0 


African 


lVA-1 3' end— 17 bp 


0 


Kuwaiti 


lVS-1 3' end— 25 bp 


0 


East Indian 


IVS-1 3' end (G->C) 


0 


Italian 


IVS-2 3' end (A^G) 


0 


African-American 


IVS-2 3' end (A^C) 


0 


A frican - A mer ica n 


IVS- 1 5' end — 44 bp 


0 


Mediterranean 


IVS-1 3' end (G A) 


0 


Egyptian 
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Table 7 . 13 . (continued) 



Mutation 


0^ Of 0* Thalassemia 


Population 


Consensus changes 


IVS -1 position 5 (G — C) 


+ 


East Indian, Chinese, Melanesian 


IVS-l position 5 (G — ^ T) 


+ 


Mediterranean, African 


IVS -1 position 5 (G — » A) 




Algerian 


IVS -1 position 6 (T ^ C) 


+ 


Mediterranean 


IVS -1 position — 1 (G — > C) 


7 


Tunisian, African 


(codon 30) 


I VS - 1 position - 1 (G A) 


7 


Bulgarian 


(codon 30) 


IVS-1 position — 3 (C ^ T) 


? 


Lebanese 


(codon 29) 


IVS-2 3' end CAG-AAG 


-f- 


Iranian, Egyptian, African 


IVS -1 3' end TAG-GAG 


4 


Saudi Arabian 


IVS -1 3' end - 8 (T ^ G) 


4 


Algerian 


Internal I VS changes 


IVS-2 position 110 {G A) 




Mediterranean 


IVS -1 position U 6 {T G) 


0 


Mediterranean 


IVS-1 position 705 {T ^ G) 


+ 


Mediterranean 


IVS-2 position 745 (C -> G) 


+ 


Mediterranean 


IVS-2 position 654 (C -> T) 


0 


Chinese 


Coding region substitutions affecting 
processing 


Codon 26 {G — > A) 


E 


Southeast Asian, European 


Codon 24 (T — » A) 


+ 


A fri can- Ameri can 


Codon 27 (G -> T) 


Knossos 


Mediterranean 


Codon 19 (A -^G) 


Malay 


Malaysian 


3. Transcriptional mutants 


-101 C-^T 




Turkish 


- 92 C T 


+ 


Mediterranean 


- 88 C ^ T 


+ 


African-American, East Indian 


- 88 C ^ A 


+ 


Kurdish 


-87C^G 


+ 


Mediterranean 


- 86 C ^ G 


+ 


Lebanese 


“ 3 1 A Q 


+ 


Japanese 


-30T">A 


+ 


Turkish 


-30T^C 


+ 


Chinese 


- 29 A G 


+ 


African-American, Chinese 


-28 A 


+ 


Kurdish 


-28 A -^G 


+ 


Chinese 


4. RNA cleavage + polyadenylation mutants 


AATAAA-rAACAAA 


+ 


African-American 


AATAAA-AATAAG 


+ 


Kurdish 


AATAA-A)-AATAA) 


+ 


Arab 


AATAAA-AATGAA 


+ 


Mediterranean 


AATAAA-AATAGA 


+ 


Malaysian 


5. CAP site mutants 


+ 1 A-C 


+ 


East Indian 



vening sequences with splicing of exons (Sect. 3.1. 3.6) 
to make a functional mRNA molecule (Fig. 7.45). 
Many different mutations affecting this process have 
been described. One set of mutations alters the dinu- 
cleotide GT at the donor site or AG at the acceptor site 
of splice junctions. These dinucleotides are part of 
consensus sequences that include several other nu- 



cleotides and are critical for splicing. If altered by sin- 
gle nucleotide alterations at the donor or acceptor 
sitej sphcing is markedly compromised and causes 
thalassemia. Mutation in the consensus sequence 
usually cause thalassemia. So-called cryptic splice 
sites, which are not used during normal splicing, are 
sometimes activated by mutations in intervening se- 
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Fig. 7,45, Transcription and 
translation of hemoglobin 
genes. Numbers t the sites at 
which thalassemia mutations 
occur. {From Kan 1985 [135]) 
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Fig. 7.46. The activation of a splice site in IVS-i of the glo- mal site, and hence a large amount of abnormal ^ globin 

bin gene due to a G ^ A change at position 110. Since the ab- mRNA is generated, this mutation results in a severe tha- 

normal splice site Is utilized to a greater extent than the nor- lassemia phenotype. (From Weatherall 1994 U53]) 




quences and cause interference with normal mRNA 
production by creating novel splice sites (Fig. 7*46). 
Another class of mutations activates existing cryptic 
sites in coding regions. For example, the common 
HbE mutation activates such a site and is associated 
with production of abnormal mRNA causing mild (i 
thalassemia. Two other abnormal hemoglobins (Hb 
Malay, Hb Knossos) exhibit a similar mechanism. The 
various splicing mutations are listed in Table 7.13. 

Deletion Mutations at the Hb (3 Globin Gene Cluster 
and Hereditary Persistence of Fetal Hemoglobin. Un- 
like the a thalassemias (see below), most ^ thalasse- 



mias are not caused by gene deletion. However, a 
619-bp deletion extending from within intron 2 to be- 
yond the end of the Hb ^ gene is the cause of over 
one-third of (3 thalassemias among East Indians 
(Fig. 7.47). Various rare Hb j 3 deletions have also 
been described in an African-American and in a 
Dutch person from the Netherlands. Several extensive 
deletions at the y-d-P locus have also been detected. 
Their location and extent are shown in Fig, 7,47. None 
of these deletions can be recognized cytogenetically, 
since they are too small for microscopic detection. 
Several deletions have led to complete removal of all 
or almost all of the gene cluster with no synthesis of 
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fl* Thalassemia 
n* Thalassemia 
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Yfifl- Type T1 
yfin- Type III 
y 6I3' Type IV 



Fig. 7*47* Deletions at the ydp gene duster. 
Most of these deletions are rare HPHF; 
Hereditary persistence of fetal hemoglobin 



y, < 5 , and /3 chains. Deletions far upstream from the 6 
and ^ loci which completely abolish y, d, and /? 
chain synthesis and produce eyd^ thalassemia are of 
particular interest. They presumably remove the lo- 
cus control regions (LCR) of the eyd /3 locus which is 
required for normal function of these linked genes. 
Homozygotes for such deletions never have been re- 
ported since they presumably would be lethal. Con- 
ventionallyj a functional distinction is made between 
deletions that cause thalassemic {i.e., anemic) pheno- 
types (e.g., 6-/3 thalassemia) and deletions in which 
fetal hemoglobin synthesis compensates for the ab- 
sent 6 and jd loci {i. e.j hereditary persistence of fetal 
hemoglobin^ HPFH), This distinction is not absolute, 
since full compensation by y chain production is not 
achieved in HPFH. The reason why some deletions 
activate the fetal hemoglobin gene remains unknown 
and is under active investigation. 

HPFH can also be caused by nondeletion mutations. 
At least 15 different point mutations at the upstream 
promoter region of either the ^y or locus have 
been detected [231], The mechanism by which such 
mutations upregulate HbF production is not yet 
known. The codons affected by these point mutations 
are presumably part of key regulatory regions that 
are normally involved in transcriptional control of 7 
chain synthesis. Studies directed at understanding 
the regulation of the HbF switch have far-reaching 
implications for treatment of thalassemia and sickle 
cell anemia, since increased HbF production in these 
disorders would be of marked therapeutic benefit. 



Table 7.14. Frequent ^-thalassemias in different ethnic 
groups {from Antonarakis et al. 1985 [i^]) 



Ethnic 

group 


^-thal mutations 


Type 


Frequency 


African- 


TATA box (^29) 




39% 


Americans 


Poly A site 




26% 


Mediter- 


Intron 1 (pos 110) 


r 


35% 


raneans 


0^ terminator 


r 


27% 


East 


Intron 1 (pos 5) 




36% 


Indians 


Deletion (619 b.p.) 




36% 


Chinese 


Frameshift (pos 71/72) 




49% 




Intron 2 (pos 654) 




38% 



Clinical Implications. The thalassemias are wide- 
spread throughout the tropical and subtropical areas 
of the world and owe their frequency to a selective 
advantage vis-a-vis falciparum malaria [173]. ^ 
Thalassemia heterozygotes have mild anemia (Ta- 
ble 7.15). HbAj J is slightly increased. The red 
cells are smaller and less well filled with hemoglobin 
(MCH and MCV decreased) [42, 254]. Heterozygotes 
usually do not require medical attention or treatment. 
The appearance of the red cells is shown in 

Fig. 740. 

Severely affected thalassemia homozygotes have 
marked anemia requiring blood transfusions. HbA is 
completely absent in thalassemia homozygotes 
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Table 7 . 15 , Clinically important hemoglobinopathies 





Disease 


Genetics 


Clinical severity 


Sickle cell syn- 


Sickle cell anemia 


Homozygote for HbS 


+ + + 


dromes 


Sickle /i"th a 1 disease 


Compound heterozygote for HbS 
and ^"thal 


+ + to + + + 




Sickle Hb C disease 


Compound heterozygotc for HbS 
and HbC 


+ to + + 




Sickle cell trait 


Heterozygote for HbS 


0 


a Thalassemias 


Hydrops fetalis 


4 Hb a deletions 


Lethal 




HbH disease 


3 Hb a deletions (or 2 Hb a deletions 
and heterozygote for Hb CoSp) or 
point mutation 


+ + 




o-thal-l heterozygote 


2 Hb ct deletions or point mutation 


+ 




fi-thal -2 heterozygote 


1 Hb a deletion or point mutation 


0 




Hb Constant Spring (CoSp) 
heterozygote 


a Chain terminus mutant 


+ 


P Thalassemia 


p^ (thalassemia major or Cooley 
anemia) 


Homozygote 


+ + + + 




P *-thal major (Cooley anemia) 


Homozygote 


+ + 4 to + + + 




P^yp^ thalassemia 


Compound heterozygote 


4 4 to + + 4 




Hb Lepore heterozygote 


d-P fusion 


4(4 4 4 4 
for homozygotes) 




P^\ P^ i and dp^-thel trait 


Heterozygous 


4 




HbE-/3-thal 


Compound hetero zygotes 


4 4 4 + 


Unstable hemoglo- 


Congenital nonspherocytic hemolytic 


Heterozygous “ dominant (many 


4 4 


bin diseases 


anemia of Heinz body type 


different varieties) 




Hemoglobins with 
abnormal oxygen 
affinity 


Familial erythrocytosls (high affinity) 


Heterozygote- do min ant (many 
varieties) 


4 4 


M hemoglobin 


Familial cyanosis (methemoglo- 
binemia) 


Heterozygote-dominant (5 varieties) 


4 4 



^ Milder diseases in ^-thal homozygotes of African origin* 
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Fig. 7 , 48 * Peripheral blood smears of a normal individual (AX gous a-thal-i (C), and of /? thalassemia major (D). (From 
of patients with heterozygous P thalassemia (B), of heterozy- Bunn et al. 1977 U^l ) 
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and much decreased in thalassemia homozygotes. 
Most hemoglobin is of the fetal type (HbF), The dis- 
ease is associated with growth failure and often leads 
to death in adolescence or earlier. Homozygosity for 
thalassemia and compound heterozygosity for 
thalassemia are severe hemoglobinopathies and 
are a serious public health problem in countries 
where these genes are common. The simultaneous 
presence of a thalassemia (see below) ameliorates 
the clinical severity of homozygous /? thalassemia. 

thalassemia is common in black populations. 
HbE//3 thalassemia is common in Southeast Asia and 
produces a severe anemia similar to homozygous 
thalassemia. This severity is at least partially ex- 
plained by the fact that the HbE mutation itself also 
causes mild thalassemia (see above). 

Almost 90 different point mutations causing ^ thalas- 
semia have now been identified (Table 7.13). The re- 
markable heterogeneity of mutations at the globin 
locus explains the frequent finding of compound het- 
erozygotes for ^ thalassemia, i.e., affected patients 
are not homozygotes but have inherited a different 
thalassemia from each parent. The frequency of such 
compound heterozygotes is somewhat lower in popu- 
lation isolates, where a single thalassemia mutant 
may account for the majority of thalassemias. For ex- 
ample, while the nonsense mutant comprises about 
27% of all ^ thalassemia mutants in general Mediter- 
ranean populations (Tables 7.13, 7.14), it accounts for 
most of the thalassemia mutations in Sardinia. Since 
homozygosity for a given thalassemia mutant may 
range from only mild interference to complete ab- 
sence of globin synthesis, and compound heterozyg- 
osity is frequent, a wide spectrum of thalassemias 
with different clinical severity will be encountered. 
Table 7.15 summarizes the clinically important hemo- 
globinopathies. 

a Thalassemia: Deletion a Thalassemia [115, 135]. 
Most a thalassemias are caused by gene deletions. 
Gene conversion (see Sect. 3.2) and multiple crossover 
events occurred during evolution (“concerted evolu- 
tion”) and maintained a high degree of homology in 
the structural and flanking areas surrounding the 
two normal Hb a genes. Thus, sequence similarity 
in that area allows incorrect chromosomal alignment, 
followed by recombination with subsequent deletions 
and duplications (Fig. 7.49). The crossover chromo- 
somes bearing either a single Hb a-or a triple a locus 
(aaa) have been observed. Malarial selection has 
amplified the frequency of the single Hb a gene (-a) 
among tropical and subtropical populations, and this 
variant is therefore one of the most frequent thalasse- 
mias. The triple a chromosome seems to confer nei- 
ther an advantage nor deleterious effects on its bear- 
ers and is much rarer. 



Leffword a2 f=i a1 




tljcd t—7^ a2 I 1 a1 



z I 

Fig. 7.49. Unique crossover at the X and Z homology boxes in 
the Hb a gene region. In the leftward crossover there is mis- 
alignment between the X boxes with crossover and creation 
of a single Hb a gene C4-^-kb deletion). In the rightward 
crossover there is misalignment between the Z boxes. Cross- 
over inside the a gene causes an fusion gene with a 
3. 7 -kb deletion. Note the formation of a triple a gene with 
these mechanisms in the nondeleted chromosome, (From 
Kan 1985 [133]) 



Two principal types of deletion events cause the mild 
a thalassemia (a-thal-2 or -a/aa). Figure 7.49 shows 
the mechanisms of the deletions. The so-called left- 
ward crossover creates a single Hb gene by mis- 
pairing of a flanking sequence downstream from the 
pseudo a gene and its homoiogue at the Hb a ^ locus. 
Recombination deletes 4.2 kb. Because the area of re- 
combination is further upstream than that observed 
in the rightward deletion (see below), the term “left- 
ward” is used. The so-called “rightward” crossover 
derives from misalignment of the Hb and Hb a, 
genes, with crossover within these genes producing 
an Hb fusion gene and a 3.7-kb deletion. The 
rightward single a gene is the most common type of 
a thalassemia in Africa and in the Mediterranean 
area, while in Asia both leftward and rightward cross- 
overs have been found. The absence of one a gene in 
either type of mutation causes no hematological al- 
terations in the red cells and is very common all 
over the world, reaching heterozygote frequencies of 
up to 33% in parts of Africa and in the Mediterra- 
nean. Several deletions that removed the LCR of the 
Hb a genes were found to silence Hb a gene expres- 
sion. These deletions illustrate the importance of 
this regulatory region 60-100 kb upstream of the Hb 
a lod, which is analogous to the locus control region 
of the Hb jd locus. 

Deletions that cause elimination of the Hb a locus are 
shown in Fig. 7.50. The resultant thalassemias are of- 
ten designated as a-thal 1. One of these mutations is 
frequent in Southeast Asia. 

All deletions are detectable postnatally and prenatally 
with DNA techniques. Various phenotypes caused by 
deletions of one, two, three, or four Hb a genes have 
been documented (Table 7.16; Fig. 7.51). Absence of a 
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Fig* 7*50. Deletions including the Hb a gene. Most deletions are common (see text). S£A, Southeast Asia; Med, Mediterranean, 
■ ; □ extent of deletion not known, (After Weatherall 1994 [253I) 



single Hb a gene (-a/aa) produces little or no hema- 
tological impairment since three genes remain active* 
DNA analysis is required for detection of mild a tha- 
lassemia due to deletion of a single Hb a gene. Dele- 
tion of all four Hb a genes (- -/- -) is fatal perinatally 
and is known as hydrops fetalis, referring to the ex- 
tensive edema of the stillborn infant* Most of the he- 
moglobin molecules of such infants consist of four y 
chains (Hb or Hb Earths), Survival of the fetus into 
late pregnancy is thought to be caused by the pre- 
sence of functional Hb Portland (^^ y^)* The virtual 
absence of hydrops fetalis from African in&nts is rela- 
ted to the nonexistence of the chromosome bearing 
the two a gene (- -) deletions in that population. 
Deletion of two Hb a genes {-af-a or - -/aa) produ- 
ces mild anemia, while deletion of three Hb a genes 
(-a/--) causes a more severe anemia characterized 
by production of HbH - a Hb tetramer (Ta- 
ble 7.16)* HbH is formed because of the deficiency of 
Hb a chains. Coexisting a thalassemia in patients 
with sickle cell anemia is associated with less anemia 
and improved survival* 

Hb a Nondeletion Thalassemia [i2> 134, 135]* Nondele- 
tion mutations similar to those detected in ^-thalas- 
semia would be expected, A variety of such mutations 
have in fact been found and are listed in Table 7.17 
Most of these involve the gene, where output nor- 
mally is three times that of the gene. They are ana- 
logous in origin to ^ thalassemia mutations, but far 



Table 7,16* a Thalassemias caused by deletion 



Condition 



Hb Symbol 



Normal 

Mild a thalassemia (a thal 2 ) 
Severe a thalassemia {« thal 1) 
Hb H disease (Hb H = ^) 
Hydrops fetalis with Hb y* 



aa/aa 

-aiatt 

- -kut or -o/-a^ 
..i.y 



“ Transmission from one parent 
Transmission from both parents. 



fewer examples have been detected. No regulatory 
mutations in the upstream region of the Hb a loci be- 
sides an LCR deletion (see above) have been detected. 
Only one splicing mutation, consisting of a small 5- 
bp deletion that abolishes an acceptor site in IVS-i, 
has so far been found. Four different point mutations 
have altered the UAA termination codon of the a 
gene to one specifying an amino acid. As a result, 
the usually untranslated downstream sequence which 
specifies another 31 amino acids reads through until a 
new termination signal is reached* These extended 
abnormal hemoglobin mRNAs are unstable, and 
only small amounts (5%) of these variants can be de- 
tected in the blood* Hb Constant Spring is the most 
common of these mutants (see Fig. 7*41). 

In several mutations the alteration causes extensive 
instability. A downstream Hb polyadenylatlon site 
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Genotypes 



O Normal gene 
X Affected gene 



locus J: X 
a 2 locus X X 



U 





Fig. 7 - 51 - Globin chain synthesis in the a 
thalassemias. Globin chain synthesis is ex- 
pressed as the ratio Hb oc/Hb ^ chain 
synthesis, which is close to 1 in normals^ 
i. e., identical amounts of Hb a and Hb ^ 
chains are produced. “Silent” carriers are 
heterozygotes for ot-thal -2 (mild a thalas- 
semia) or -ct-ac£. (Prom Kazazian et al. 

1977) 



Table 7 , 17 , Mutations that cause nondeletion forms of a tha- 
lassemia (from Weatherall 1994 [ 253 ]) 

Mutation Population 



Non-functional mRNA 
Nonsense mutations 
Codon 116 (G-^T) 

Prameshift mutations 
Codon 30/31 (-4 nt) 

Initiator codon mutations 
ATG ^ ACG 

CCCACCATG CCCCATG 
ATG -> GTG 

Terminator codon mutations 
Hb Constant Spring 
(TAA -+CAA) 

Koya Dora (TAA -^TCA) 

Hb Icaria (TAA — ^ AAA) 

Hb Seal Rock (TAA GAA) 
RNA-processing mutants 
Splice junction changes 
I VS - 1 donor site 
(GGTGAGGCT GGCT) 

RNA cleavage: polyadenylation site 
AATAAA-AAl'AAG 

Unstable globins 

(^(^don 125, leu Pro) 

nok (^odon 109, leu Arg) 

TJkwflh (codon 1 10, Ala Asp) 
(cQdon 14, Trp Arg) 



African 

African 

Mediterranean 

Mediterranean 

Mediterranean, 

African 

Southeast a si an, 

Mediterranean 

Indian 

Mediterranean 

African 



Mediterranean 

Arab 

Mediterranean 

Southeast Asian 
Southeast Asian 
Middle Bast 
African 



mutation that reduces synthesis of the gene has 
also been described. 

No direct data are available regarding the frequency 
of nondeletion a thalassemia; howeven the nature of 
the allelic a thalassemia genes in patients with HbH 
who carry at least one double deletion of Hb a 
(- -/aa) on one of their chromosomes has been ana- 
lyzed Both in Saudi Arabia and in China as many as 
50% of such allelic a thalassemia genes in HbH dis- 
ease were nondeletion rather than deletion mu- 
tants. 

a Thalassemia and Mental Retardation, a Thalasse- 
mia has occasionally been found in patients with 
mental retardation [98, 262, 263]. In one variety seen 
among whites, mild mental retardation and various 
facial and skeletal abnormalities are associated with 
large deletions of more than 1 mOlion bases in the 
Hh a region [262, 263]. These cases presumably rep- 
resent heterozygotes for a contiguous gene syndrome 
with deletion of the hemoglobin a loci and of other 
developmental genes on chromosome 16. 

In another variety severe mental retardation and a 
characteristic facial appearance and genital abnorm- 
alities are associated with the hematological abnorm- 
alities of HbH disease, which are usually caused by 
three Hb a gene deletions (--/a-). However, no dele- 
tions or structural abnormalities of the hemoglobin 
a locus were found in these patients. The condition 
affects only males and has been mapped to the short 
arm of the X chromosome. The existence of this con- 
dition implicates an X chromosomal locus that influ- 
ences Hb a gene expression. This syndrome is most 
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likely a contiguous gene syndrome with deletion of 
an X chromosomal transcriptional factor affecting 
the Hb a locus as well as deletion of nearby yet unde- 
fined gene segments essential to normal develop- 
ment. These experiments of nature are of great inter- 
est in helping to understand both Hb gene expression 
and the mechanisms involved in the developmental 
biology of dysmorphic body structure and of mental 
retardation. 



73S Population Genetics of Hemoglobin Genes 

(see [851; Sect 12.2,1 .6) 

The presence of a relatively large number of DNA 
polymorphisms at the Hb locus has made it possi- 
ble to study the mutational origin and spread of the 
different hemoglobinopathies (Tables 7.18 ^ 7.19). Ta- 
ken at face value, the results appear to suggest that 
the HhS mutation occurred at least four times [85, 
179] in different geographic areas (Senegal, Benin, 
Central African Republic, and Arab/Indian) and then 
spread by malarial selection (see Chap. 12). HbS in 
Mediterraneans appears to be of African origin, and 
both the Benin and Senegalese DNA haplotypes have 
been found in the Mediterranean area. Three chro- 
mosome backgrounds have been observed among 
HbE chromosomes in Southeast Asia, One of these 
is derived from crossover at the “hot spot" area (see 
above), HbC has been observed largely in one haplo- 
type. While the haplotype data suggest that several 
mutational events were the origin of HbS and HbE, 
it is more likely that gene conversion events (together 
with recombination) occurred following a single an- 
cestral mutation and spread the HbS and the HbE 

Table 7 * 18 * ^-Thalassemia mutations which affect restriction 
endonuclease sites (from Old [ 190 ]) 



Mutation 


Ethnic group 


Site 


Nonsense codon 39 


Mediterranean 


Mael {+} 


lVSl-nt 6 


Mediterranean 


SfaNl (+) 


IVSl-ntl (G^A) 


Mediterranean 


BspM\ (^) 


IVSII-nt! 


Mediterranean 


Hphl {-) 


IVSII-nt745 


Mediterranean 


Rsal (+) 


Frameshift codon 6 


Mediterranean 


Ddel (-) 


-&7 


Mediterranean 


JivrII (-) 


IVSJ-mS (G-> A) 


Mediterranean 


£coRV (+) 


IVSl-ml (G-» T) 


Asian Indian 


BjpMI (-) 


Nonsense codon 1 7 


Chinese 


Mae] (+) 


Nonsense codon 43 (G — > T) 


Chinese 


Hina (-) 


-88 


Africa 


Fokl (+) 


-29 


Africa 


Main (+) 



(+) and (-) refer to gain or loss, respectively, of restriction 
site. 



genes into different haplotypes (see Sect. 12,2,16), To 
cite another example of gene conversion, the same 
Hb thalassemia mutation in Sardinia is associated 
with several haplotypes that cannot be explained by 
simple recombination. Unidirectional transfer of se- 
quence information (i,e.j conversion) is therefore 
likely. Since there is strong evidence for gene conver- 
sion in glob in gene evolution, this mechanism ap- 
pears to be the best explanation. 

The various common (i thalassemia mutations usual- 
ly occurred in a unique haplotype with subsequent 

Table 7 , 19 , The common jS- thalassemia mutations and associ- 
ated haplotypes (from Old [ 190 J) 

Ethnic group/mutations RFLPs 





1 


2 


3 


4 


5 


6 


7 


Mediterranean 


IVSMIO (G-4 A) 


+ 


- 


- 


- 


- 


4 


4 


Nonsense codon 39 (C — ^ A) 


- 


4 


4 


- 


4 


4 


4 




+ 


- 


- 


- 


- 


4 


4 


I VS 1-6 (T->C) 


- 


4 


4 


- 


- 


- 


4 


lVSI-1 (G^ A) 


+ 


- 


- 


- 




4 


- 


lVSII-1 (G-^ A) 


- 


4 


- 


4 


4 


4 


- 




- 


4 


- 


4 


4 


4 


- 


IVS 11-745 (C-^G) 


+ 


- 


- 


- 




- 


4 


Frameshift codon 6 (-A) 


■F 


- 


- 


- 


- 


4 


- 


Frameshift codon 8 (-AA) 


- 


4 




4 


4 


- 


4 


-87 (C -4 G) 


- 


4 


- 


4 


- 


4 


- 


Hast Asian 


619 bp deletion 


■F 


- 


- 


- 


- 


- 


4 


IVS 1-5 (G^C) 


■F 












4 






4 


4 


- 


4 


- 


4 


IVS I- 1 (G-»T) 


- 


4 


- 


4 


4 


4 


4 


Frameshift codon 41-42 


- 


4 


- 


4 


4 


4 


- 


C-TTCT) 




■F 


- 


- 


- 


- 


4 


- 


Frameshift codon 8-9 (+G) 


4 


- 


- 


- 


- 


4 


4 


Nonsense codon 1 5 (G A) 


* 


4 


4 


- 


4 


4 


4 


Frameshift codon 16 (*C) 


4 


- 


- 


- 


- 


4 


- 


Chinese 


Frameshift codon 41-42 


4 


- 


- 


- 


- 


4 


4 


(-TTCT) 




4 


- 


- 


- 


- 


- 


4 


Nonsense codon 17 (A -»T) 


4 


- 


- 


- 


- 




4 


Frameshift codon 71-72 (+ A) 


4 


- 


- 


- 


- 


- 


4 


IVS 11-654 (C-»T) 


4 


- 


- 


- 


- 


4 


4 


-28 {A -» G) 


- 


4 


4 


- 


4 


- 


4 


-29{A->G) 


+ 


- 


- 


- 


- 


4 


- 


African 


-29(A->G) 


- 


- 


- 


4 


4 


4 


4 




- 


4 


- 


4 


4 


4 


4 


-88 (C -> T) 


- 


- 






4 


4 


4 


codon 24 (T -^A) 


- 


4 


- 


- 


4 


4 


4 


RFLPs used for haplotypes; i, HindlVs 


gene; 


2 , Hindm/Gy 



gene; 3 > Hiudlll/Ay gene; 4 , HindlV^' of gene; 5 , HinW^' 
gene; 6 , AvaWfi gene; of ^ gene. 
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expansion of such chromosomes because of malarial 
selection. The association of a given mutation with a 
characteristic haplotype for DNA variants aided 
greatly in defining the nature of the various ^ thalas- 
semia mutations. Since different DNA haplotypes 
were selected for investigation^ there was a high 
chance that the fi thalassemia mutation under study 
was different from those previously investigated, and 
many different types of thalassemia have been dis- 
covered [193]. 

The various data suggest that practically all thalasse- 
mias and hemoglobinopathies first occurred after hu- 
man racial divergence. 

73.6 Screening and Prenatal Diagnosis 

of Hemoglobinopatliies [4, 51 123, 191] 

Hemoglobin disorders are often associated with se- 
vere and disabling diseases in childhood such as 
homozygous /? thalassemia and sickle cell anemia. 
These hemoglobinopathies are transmitted by auto- 
somal recessive inheritance. The heterozygote states 
for these conditions can be detected by a variety of 
hematological and biochemical methods that are 
available in hematological laboratories or can be set 
up relatively easily. These developments and the 
availability of pregnancy termination of affected fetu- 
ses following prenatal diagnosis have led to the estab- 
hshment of population screening programs for these 
conditions. Extensive educational campaigns directed 
at adolescents and young adults have been carried 
out in some areas of high frequency (see Chap. iS). 
In such programs, HbS is searched for by electro- 
phoretic techniques. Carriers of thalassemia and a 
thalassemia are identified by reduced red cell mean 
corpuscular volume and mean corpuscular hemoglo- 
bin volumes of their red cells as well as by increased 
levels of HbA^ in ^ thalassemia. If testing is first per- 
formed during pregnancy, only the woman is tested. 
If her results are negative, the male partner is not 
tested. If both partners are heterozygotes, genetic 
counseling and prenatal diagnosis are offered. 
Prenatal diagnosis for detection of hemoglobin ab- 
normalities is often performed on cells obtained by 
chorionic villus biopsy between the 9 th and 10 th 
weeks of pregnancy. Amniocentesis can only be per- 
formed later (14-16 th weeks of pregnancy) and raises 
the emotional problems of relatively late pregnancy 
termination when an affected fetus is found. 

The prenatal diagnosis of hemoglobinopathies relies 
largely on DNA technology. Before proceeding to fetal 
diagnosis it is essential to define the nature of the 
specific molecular thalassemia defect to look for in 
the fetus at risk. Fortunately, a few mutations tend to 
be common in given ethnic groups, as shown in Ta- 



ble 7.14. The diagnosis of ^ thalassemia is usually by 
PGR amplification of Hb ^ DNA followed by oligonu- 
cleotide hybridization with the probe relevant for the 
mutation(s) to be detected (Fig. 7.52; Sect.3.1.3.5). 
Several thalassemias and the HbS mutation can be 
diagnosed directly using one or another restriction 
enzyme that cuts at a DNA site at which the globin mu- 
tation has abolished or created a restriction site pro- 
ducing a characteristic band pattern on Southern blots 
(Fig. 7.53). Visualization of the various deletions of the 
Hb P locus fusion genes, ( 5/3 thalassemia, HPFH) 
and deletions of thalassemia also use Southern 
blotting techniques with radioactive globin probes; 
but rapid, inexpensive, and non isotopic PCR-based 
methods are becoming available for rapid testing. 
Fetal blood sampling (using fetoscopy or placental 
puncture) historically was the first approach to the 
prenatal diagnosis of ^ thalassemia. This method 
allows the assessment of reduced or absent globin 
chain or mRNA synthesis in fetal erythrocytes but 
has a relatively high fetal mortality (5%-7%) and is 
now only rarely required since DNA methods are be- 
coming increasingly available. 

Occasionally, a family linkage study using informa- 
tive RFLP markers closely linked to the /? thalassemia 
gene may be required for fetal diagnosis. In this ap- 
proach the nature of the thalassemia defect need 
not be known, but {apart from the fetal cell specimen 
obtained by chorionic villus sampling or amniocent- 
esis) blood from the heterozygote parents and one 
or more definitely unaffected family members (ideal- 
ly grandparents) should be available to allow tracking 
of the defect by its cosegregation with the RFLP mar- 
ker. 

The use of screening, prenatal diagnosis, and selec- 
tive abortion (and, less successfully, avoidance of car- 
rier X carrier matings) has been highly successful in 
reducing the frequency of homozygous ^ thalassemia 
in several countries, such as Sardinia, continental Ita- 
ly, Cyprus, and Greece. Figure 18.2, p.726 [50] shows 
the remarkable decline in the birth of infants with 
/3 thalassemia major in Sardinia since 1975 when 



ivs-1 rvs-2 




s'- CTGCCTATTmOTCTATT TT ^ 3' NORMAL 
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Fig. 7.52. Oligonucleotide probe (i9^mer) for normal /3 globin 
gene differs from a probe for a thalassemia gene with a G-A 
mutation in IVS-2 at one position (G-A). Under appropriate 
conditions of hybridization the probe for this specific thalas- 
semia mutation recognizes only the thalassemia gene and not 
the normal gene. Similarly, the "normal” probe does not hy- 
bridize with this thalassemia gene 
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Fig. 7-53- Visualization of globin genes. DNA from any cell 
nucleus (usually white blood cells) is extracted. This DNA 
contains the globin genes. Various restriction endonucleases 
recognize the different sequences of nucleotides and break 
up the DNA into many fragments. The DNA fragments are se- 
parated on gel electrophoresis by size. A specific radioactive 
DNA probe for globin is prepared and reacted with the DNA 
fragments. Hybridization of the radioactive /? globin probe 
occurs with a globin gene and can be visualized following 
autoradiography. Deletions can also be visualized by this 
technique. (Adapted from Orkin et al 197S [i94i) 



screening was first initiated. These results came from 
intensive public health oriented screening and pro- 
vide an excellent example of the almost complete era- 
dication of a devastating genetic disease by voluntary 
means. However^ prenatal methodology has not been 
utilized in areas where selective abortion is not ac- 
ceptable for religious and social reasons such as in 
Islamic populations. While the clinical severity of ^ 
thalassemia, with its serious impact on the family 
and on the health services in high frequency areas, 
has led to wide acceptance of prenatal diagnosis 
(even in some Catholic countries); the less severe 
clinical findings of sickle cell anemia presumably 
have been the major reason that prenatal approaches 
in this condition have been used less frequently. 

Hemoglobin as a Model System. Hemoglobin is prob- 
ably the best analyzed genetic system in humans. 
Therefore experiences with concepts developed in 
the course of its analysis may help toward a better 
understanding of phenomena in other fields of hu- 
man genetics. For example, when hereditary diseases 
with different phenotypes are found in different fa- 



milies, it is generally concluded that they are caused 
by mutations of different genes. The hemoglobin ex- 
ample shows that this Is not necessarily the case. Me- 
themoglobinemia, for example, is quite different phe- 
no typically from erythrocytosis due to abnormal 
oxygen affinity, yet allelic mutations are involved. 
The phenotype depends on the type of the molecular 
anomaly and the ways in which normal function Is al- 
tered. 

Another useful lesson is taught by the way in which 
the tetrameric structure of the Hb molecule deter- 
mines its oxygen binding capacity, and how muta- 
tions may influence this capacity which may depend 
on interaction of the products of more than one 
gene. While the effects of most hemoglobin muta- 
tions are innocuous, the phenotypic effects of all pa- 
thological structural Hb variants are dominant, with 
the exception of sickle cell anemia. This finding 
points to one mechanism for Mendelian dominance: 
disturbance of interaction among products of alleles 
(see Sect. 7.6), 

Finally, and most importantly, the hemoglobins pro- 
vide evidence for the action of many possible me- 
chanisms of mutations. Such mutations may occur 
in the structural gene itself or in adjacent regulatory 
areas. In most cases they involve exchange of only 
one base but sometimes base sequences of greater 
lengths are duplicated or deleted. Other types of mu- 
tations, such as frameshifts in reading the genetic 
code are often encountered. Of great research interest 
are the various regulatory mutations in the flanking 
areas of hemoglobin genes, which are increasingly il- 
luminating mechanisms of both gene control and de- 
velopmental gene switching. As is shown in Chapters 
12 and 14, hemoglobin mutations have also contribu- 
ted significantly to our understanding of the role of 
mutation in evolution. 



7.4 The Defense System 

Our ancestors - from the most primitive organisms 
to primates, as well as human beings of past genera- 
tions - were constantly exposed to a wide array of in- 
fective agents; human existence has been and contin- 
ues to be challenged by infectious disease. The gen- 
ome has reacted by developing a complex defense 
system (Fig. 7.54). It consists of four main compo- 
nents: the humoral defense by antibodies; the cellular 
defense with T lymphocytes and macrophages; the 
complement system; and the phagocytic system of 
the granulocytes. The main purpose of all these sys- 
tems is defense against foreign germs and parasites, 
but it also protects the body's integrity against inter- 
nal enemies such as cancer cells. Its structure can be 



326 Gene Action; Genetic Diseases 




Fig. 7*54* The most important components and sequences of 
events of the immune system (simplified)* Black genetic 
deficiencies may impair the immune defense at various lev- 
els. rCi^ Cytotoxic T cell precursor; Tc, cytotoxic T cell; 
THP, helper T cell precursor; TH^ helper T cell; Me, macro- 
phage; Bp, B cell precursor; B, B cell; P, plasma cell; Bl, blast; 
Agt antigen; Ar, antigen receptor; Ab, antibody (antigen re- 
ceptor on B cells); MHQ major histocompatibility molecules; 



Mr, major histocompatibility molecule receptor; IL-i, inter- 
leukin i; IL-2, interleukin 2; A, developmental abnormalities 
of lymphocytes; lymphopenic immune deficiencies and 
thymus hypoplasia; C, various types of B cell defects; A de- 
fects of specific immunoglobulins; E, defects of complement 
components; F, agranulocytosis; G, progressive granulomato- 
sis of childhood 



compared, with a deep defense system in modern 
warfare which consists of both fixed and mobile com- 
ponents, allows for counter attacks^ and depends on a 
sophisticated communication network. We do not de- 
scribe the entire defense mechanism in all details; 
some aspects are discussed in other chapters of this 
volume: the major histocompatibility complex 

(MHC) in Sect* 5*2.5 and natural selection in 
Sect. 12,2*1.8. Here, some aspects of gene action are 
described since some of these mechanisms may also 
apply to other fields such as embryonic development, 
especially of the brain* 

The defense system performs its task in several steps 
[10)1 

1, The intruding antigen is bound to macrophages 
and presented to T lymphocytes* 

2*T cells trigger the T cell cascade which leads to 
formation and activation of other, specialized T 
cells* 

3, 4* Lymphokines induce B cell proliferation* 

5. B cells produce immunoglobulins that fix them- 
selves to the antigen; complement and killer T 
cells are attracted. 



6, 7* The complement system activates mast cells* 

8* Inflammation as complex reaction* 

9* Cells loaded with immune complexes are killed by 
macrophages* 

10, (Parallel to 9) T ceils stimulate killer cells and 
macrophages* 

11, Activation of granulocytes* 

12* Infective agents and infected cells are destroyed 
(killer cells), 

13* Debris is removed (macrophages)* 

Genetic mechanisms range from the simple to the 
very complex - in some aspects so complex that a 
special branch of science, immunogen etics, has de- 
veloped for coping with the scientific problems posed 
by this complexity. Complement factors may be men- 
tioned as examples of a genetically relatively simple 
mechanisms* Some of these show conventional genet- 
ic polymorphisms, which may be associated with cer- 
tain aberrations of immune defence (Sect. 6.2*4), as 
shown by their disease associations* The MHC traits, 
on the other hand, which are necessary for the pre- 
sentation of the antigen to the T helper and T killer 
cells (see Figs* 7*55, 7.56) give a more complex picture* 
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Fig. 7,55. The course of events during an infection (simpli- 
fied). An infection mobilizes several cooperating populations 
of immune cells. B ceUs carrying immunoglobulins as surface 
receptors recognize and bind circulating antigens, i, To be ac- 
tivated the antigen must be taken up by an antigen-present- 
ing cellj often macrophage. 2 , After some modification the 
antigen appears at its surface. 3, When it is recognized by a 
T helper celf this ceil is stimulated. 4* This cell then activate 
B cells carrying the same antigen. 5 , These B cells are multi- 
plied and differentiate, 6 , Some become memory cells. 7 
This allows faster immune reactions after a new infection; 
others become antibody-excreting plasma cell. 8 , Free anti- 
bodies bind to the antigen, marking it to be destroyed by 
other elements of the immune system, for example macro- 
phages. (Modified from Tonegawa 1986 { 241 ]) 



virus 




Fig, 7*56, Virus infection: if a virus enters a cell, it leaves viral 
proteins in the cell membrane. Cytotoxic T cells (killer cells) 
recognize such foreign molecules which are presented to them 
together with MHC class 1 proteins. The infected cell is then 
destroyed by killer cells. (Modified from Tonegawa 1986 [241]) 



Here the enormous degree of inter individual genetic 
variability of the HLA loci is remarkable. At the pro- 
tein level this leads to interindividual differences in 
structures necessary for recognition of antigens. 
Here the “conventionar genetic defense strategy 
against a variety of anti gen -carrying agents shows a 
high degree of refinement. Linkage disequilibrium is 
the only slightly unconventional element. Functional 
differences between allelic proteins lead to varying 
associations with diseases (Sect 6.2.4). On the other 
hand, the genetic basis for the steps that follow - pre- 
sentation of the antigen to T helper cells and forma- 
tion of immunoglobulins - is very unconventional. 
For both the T cell receptors and the immunoglobu- 
lins, more generally available genes for cell recogni- 
tion molecules are used after adaptation to this spe- 
cial function [264]. Figure 7.57 shows a number of 
these molecules: the immunoglobulin superfamily. 
Genes of the MHC system belong to the same group; 
their proteins share some properties with the immu- 
noglobulin and T cell receptor genes. These genes 
have been adapted to their special function: recogni- 
tion of a great variety of antigens. In addition to con- 
stant segments (see below), the respective molecules 
also consist of variable parts that are products of 
multiple, very similar but not identical genes, of 
which only a few - and always a different combina- 
tion - are active in a certain cell clone. By this princi- 
ple an enormous additional diversity and flexibility 
of defense molecules is created. 

In the following, antibody formation is described in 
somewhat greater detail; followed by a brief outline 
on T cell receptors. 



7,4J The Function of B Lymphocytes 

and the Formation of Antibodies [ 31 , 20 b 209 ] 

When a free antigen or its carrier, for example, a bac- 
terium, enters the body, it reacts with B cells that had 
earlier contact with it (= memory cells) and is taken 
up by macrophages which present this antigen - to- 
gether with their own class II antigens - at their sur- 
face. This leads to proliferation of this B cell clone: 
its decendents, the plasma ceils, then release a great 
number of antibody molecules into the blood, where 
they trap intruding antigen molecules. In the begin- 
ning, therefore, the immunoglobulin molecules at 
the cell surface of memory cells act as receptors for 
antigens. This function does not differ from that of 
other surface- bound molecules of the same gene su- 
perfamily (Fig, 7.57), When the cells proliferate, how- 
ever, these molecules are separated from the cell sur- 
face and released into the surrounding medium. 
Some aspects of their structure are very unusual. 
The antigen-binding portion of the molecule is en- 
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Fig* 7*57* (see text p. 329) 



coded by a set of genes (variable part or V genes), 
and during differentiation of the lymphocyte one of 
the V genes is randomly combined with a constant 
part gene (C gene)* Thus, each differentiated lympho- 
cyte has the ability to produce only one type of anti- 
gen-specific receptor; the lymphocyte population as 



a whole forms all the various receptors that the or- 
ganism is able to produce. Exposure to a certain anti- 
gen leads to proliferation of those lymphocytes 
(clones) which possess a receptor fitting the antigen 
(clonal selection theory [43])* The analysis of these 
genes is one of the success stories of molecular biolo- 
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Fig. 7-58. Basic structure of an IgG molecule. It is com- 
posed of two identical light chains and two identical 
heavy chains. Each chain consists of the amino-terminal 
V region and carboxy- terminal C region. The C region of 
the light chain has the approximate length of the V re- 
gion; the C region of the IgG heavy chain is three times 
as long, consisting of three approximately structure- 
homologous subsections that were formed during evolu- 
tion from one common gene 

gy As a first step, the proteins were analyzed; this 
also permitted direct conclusions regarding the nat- 
ure of the genes involved [116, 117]. These conclusions 
were then confirmed and extended by direct analysis 
at the gene/DNA level. 

Myeloma Proteins as Research Tools. The immunoglo- 
bulins (antibodies, secreted B cell antigen receptor) 
of an average human being are a mixture of the gene 
products of very many different cell clones. At first 
glance, such heterogeneities seem to be an insuper- 
able obstacle for any chemical analysis of antibodies 
that requires pure proteins. As in many other situa- 
tions, however, experiments of nature offer an oppor- 
tunity to overcome this obstacle. Neoplasias originate 
from one single cell by somatic mutation (Chap. 10). 
Plasma cell tumors are therefore expected to produce 
only a single antibody species in abundance, if differ- 
entiation of antibody-forming cells occurs before the 
beginning of malignant cell growth. Such monoclonal 
proteins are indeed observed in mice and in humans 
suffering from myelomatosis - a not uncommon plas- 
ma cell tumor. Myeloma proteins can be isolated in 



< Fig. 7.57. Phyla genetically related molecules of the immuno- 
globulin superfamily. One model is shown for each molecular 
type for one species. In some cases the same model suffices 
also for the structure named in parentheses. Circles^ sequen- 
ces that fold as an Ig domain or are predicted to do so. V 
and C domains are homologous to those shown in Fig. 7 - 59 * 
Domain numbers are from the NH^ terminus of proteins. 
TcRy CDj, a and ^ chains, T cell receptor and its components; 
CDi, CD2, LFA3, T cell adhesion and related proteins; CD4, 
CDS, CTLA4, T "subset'* antigens; Thyi, MRC, 0x2, brain/ 
lymphoid antigens; FoIylgR, Fcy2b/yiR, immunoglobulin re- 



sufficient amounts, purified, and their amino acid se- 
quences determined. In this way the structure of anti- 
bodies has been analyzed. 

Classes of Immunoglobulins [uj ] . Several classes of 
immunoglobulins can be distinguished: IgG, IgM, 
IgA, IgD and IgE. All these classes consist of several 
polypeptide chains of different lengths: the smaller 
light (L) chains and the longer heavy (H) chains. 
The H chains determine the class to which an immu- 
noglobulin belongs. They may be of y, p, ct, d, or £ 
type. All classes of LmmunoglohuUns utilize one of 
two L chains: k or A; both types of L chains may oc- 
cur in all classes. 

A common immunoglobulin is the TgG molecule; two 
H chains are connected by S-S bridges with two L 
chains (Fig. 7.58). The structure of the other classes 
is more complicated; one IgM molecule, for example, 
contains five subunits with two H chains each. Dur- 
ing normal immunization antibodies of the IgM class 
are formed first; they are then replaced by those of 
the IgG class without change of specificity. This 
switch occurs within the same cells. 



cep tors; NCAM, neural adhesion molecule; Pa, myelin pro- 
tein; MAG, myelin -associated protein; C£A, carcinoembryon- 
ic antigen; PDGF, platelet-derived growth factor receptor; 
GSfiR, colony- St emulating factor 1 receptor; aiBgp, non-celb 
surface molecules; LINK, basement membrane link protein. 
All molecules except the last two are anchored m the cell 
membrane; they are linked to carbohydrates (linkage sites: 
“•). Sulfide bonds within and between chains: ss. (From 

Williams and Barclay 19 88 [264])* (Note that the figure had 
to be broken up into three parts for technical reasons. All 
molecules are related with each other) 



330 Gene Action: Genetic Diseases 



Constant and Variable Parts. It is a common property 
of all L and H chains that they consist of a constant 
and a variable part* The constant (C) part follows 
the rules that are familiar to us from other proteins; 
amino acid sequences are always identical for each 
type of chain, excepting a few positions for which ge- 

■kx r I I ~i 

Y,a, 1 ^ r ; 11 ; ni | 

[ix I ; IT ^ nl 1? I 

V c 

Fig^7'59^ The light chain (top) consists of a variable part fVJ 
and one constant part, which may be a or a 1 chain* Heavy 
chains (centen below) consist of a variable part (V) and a 
constant part consisting of a threefold or fourfold homologue 
of the basic antibody gene* The constant parts in and 
chains, for example, which are components of the IgG and 
IgA classes of immunoglobulins, consist of threefold homolo- 
gues of the basic gene. The ^ and e heavy chains consist of 
four fold homologues. (From Hilschmann et al. 1976 [117]) 



netic polymorphisms exist. These polymorphisms are 
usually recognized indirectly by the ability of some 
variants to inhibit agglutination of red blood cells by 
specific antibodies. They are called the GM or KM 
(Inv) groups and affect the heavy chain and light 
chains, respectively. Most of their alleles differ by 
one amino acid substitution only. The variable parts, 
on the other hand, were shown to be different in their 
amino acid sequences in all human myeloma proteins 
analyzed so far. The variable parts of all light and 
heavy chains have a similar length of 107-120 amino 
acids. In the light chains the constant part is similar 
in length to the variable part. In the heavy chains 
the length of the constant part is an almost exact 
multiple of that in the light chain {Fig. 7,59). The con- 
stant parts of the and chains are three times as 
long and those of the p and £ chains four times as 
long as those of the light chains* Moreover, all seg- 
ments of the constant parts show some degree of 
homology with each other, i.e., their amino acid se- 
quences, although different in many details, are 
much more similar than could be accounted for by 
chance. 

Common Or igin of the Genes for All Chains. The most 
obvious explanation for this similarity is a common 
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Fig* 7*60, Organization of immunoglobulin gene segments be- 
fore and after somatic rearrangement. The rearranged state 
shown here is only one of many possible ones. The genes are 
rearranged before and during B cell maturation and deter- 



mine, in the rearranged state, the IgG molecule (only one half 
of this molecule is shown). Dotted line from the processed H 
gene to the IgG molecule, either a 1 chain or a chain is con- 
tributed to this molecule (See Tonegawa 1983 [240]) 
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origin of all these segments in evolution; at the be- 
ginning there was only one gene that determined a 
polypeptide chain, which had about the length of 
the constant part of a light chain. During evolution 
this gene was duplicated repeatedly Some of these 
duplications led to longer DNA stretches that deter- 
mined polypeptide chains in which the same amino 
acid sequence was repeated three or even four times. 
These duplicated DNA stretches were then completely 
structure homologous but no longer position homo- 
logous. During the following millions of years, fixa- 
tion of new mutations led to progressive diversifica- 
tion between these structure -homologo us DNA 
stretches, causing their present differences in amino 
acid sequence. 

The first duplication of a singular gene must have oc- 
curred by some chromosome rearrangement Subse- 
quent duplication can easily be produced by unequal 
crossing over after misp airing of structure-homolo- 
gous but not position-homologous closely linked 
genes (Sect 5.2.8). This seems to be the obvious 
mechanism for enhancing the number of homologous 
stretches in the constant part of different heavy chain 
genes. Evolution of the various light chain and heavy 
chain genes requires additional steps of gene duplica- 
tion and chromosomal rearrangement. The genes for 
light and heavy chains are not located close to each 
other on the same chromosome. Genetic polymorph- 
isms of the light chain (the KM or Tnv system) and of 
the heavy chain {the GM system) are not linked 

Genetic Determination of the Variable Chains. So far 
we have discussed the genetic determination of only 
the constant parts, which can be explained satisfacto- 
rily using classic genetic principles. A simple genetic 
explanation of the variable parts of the immunoglo- 
buiin, however, is not possible. The fact that all their 
amino acid sequences have so far proven to be differ- 
ent can be explained only by assuming that each per- 
son harbors a great many plasma cell clones, each of 
which produces an immunoglobnlin with a different 
variable part. This postulate immediately suggests 
that antibody specificity is located in the variable 
(V) parts. Two questions arise: 

1. What genetic mechanisms determine the variable 
parts? 

2. How do they cause antibody specificity? 

Somatic Mutation or Selective Activation of Genes? 
Several hypotheses for the genetic determination of 
the variable parts have been proposed. Two of these 
concepts were widely discussed: the “somatic muta- 
tion” hypothesis and the “selective gene activation” 
hypothesis. The somatic mutation hypothesis main- 
tained that there is only one gene that undergoes 



many random mutations during proliferation of B 
lymphocytes. Indeed, somatic mutations occasionally 
occur during proliferation of all cell types. However, 
the hypothesis required a specific mechanism by 
which the somatic mutation rate is enhanced specifi- 
caHy for this gene. Such mechanisms are conceivable; 
for example, the gene loci in question could be inac- 
cessible to repair enzymes. 

Somatic mutations are of course random in direction. 
Hence this hypothesis predicts that the amino acid 
substitutions within variable chains from various an- 
tibodies as assessed by study of myeloma proteins are 
completely independent of each other. Of course 
there may be sites at which no mutations are toler- 
ated, and which are therefore identical in all variable 
parts. Any other regularities, however, would be diffi- 
cult to reconcile with this hypothesis. 

Such regularities, however, were indeed described. 
The known variable parts could be subdivided into a 
number of groups that have certain amino acid repla- 
cements in common, whereas other substitutions 
were different even within one group. 

This finding suggested an alternative hypothesis for 
the genetic determination of the V parts: every indi- 
vidual harbors a great number of genes that are ar- 
ranged in a highly repetitive sequence. However, in 
every cell only one of these genes could be active. 
This gene could be connected in some way with the 
gene for the constant part of the polypeptide chain, 
permitting continuous mRNA formation. If we as- 
sume that this gene sequence was formed by repeated 
unequal crossing over followed in the course of mil- 
lenia by random fixation of point mutations, the reg- 
ularities described above are explained. Mutations 
that are common to several polypeptide chains have 
been fixed before the genes for these chains were du- 
plicated; mutations that are unique for one chain are 
of relatively recent origin. 

Both hypotheses - the somatic mutation and the se- 
lective gene activation hypothesis - require one ele- 
ment of nonorthodox genetics. For accumulation of 
so many somatic mutations, cell-specific enhance- 
ment of the mutation rate or selection of mutants is 
necessary. Selective connection of one of the many 
variable genes with the constant gene required an 
unusual linking mechanism. The linking could not 
occur at the protein level and not even at the level of 
mRNA, as mRNA molecules already comprise the to- 
tal information. Therefore, it had to occur at the 
DNA level. On the basis of amino acid sequence data 
the controversy between the somatic mutation hy- 
pothesis and the multiple variable gene hypothesis 
could not be decided. A solution required direct in- 
vestigation of the respective genes. 

The solution was found when DNA techniques be- 
came available. As it turned out, both parties - those 
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who favored the “selective gene” hypothesis and the 
supporters of the “somatic mutation” hypothesis - 
were partially right. Figure 7,60 shows the structures 
of the mouse A and >i light chain genes and the heavy 
chain genes. Many of these studies have been per- 
formed on mouse genes; these structures are very 
similar in humans. 

All three types of genetic regions are in principle or- 
ganized identically: they consist of genes for the con- 
stant parts, the variable parts, and a “joint region” 
that connects both. These are referred to below as C, 
Vj and J, respectively, always using roman uppercase 
letters for the gene products and italic uppercase let- 
ters for the gene segments, C> K and As shown in 
Fig. 7.61, there are differences in detaO. To start with 
the constant parts, each A light chain gene sequence 
has two different C genes. Since the protein molecule 
has only one C region, the gene for this C region 
must be selected from four C genes {two from each 
of two homologous chromosomes). There are also 
two / genes, each belonging to one C gene, and one 
V area. Moreover, on the left side of the V segment 
there is a short segment termed L - the signal region 
where transcription begins. The light chain gene has 



one C region but five different / regions. There are 
numerous regions; their number is now estimated 
at 90-300. In the heavy chain gene sequence eight 
different C regions have been found. The gene pro- 
duct Cp is present in IgM proteins; the C6, yu y2b, 
and y2 a gene products are parts of IgD, IgG and IgA 
immunoglobulin. Moreover, there are four different / 
regions. In distinction to the L chains, the H chains 
contain an additional amino acid sequence that is 
coded by a D region, this D region being present in 
12 copies. There are also 100-200 Lh-Vh segments. 
During differentiation of antibody-forming cells one 
L'V segment is connected with one / segment (in H 
chain producing cell clones with one D and one / seg- 
ment) and with one C segment. This leads to a great 
number of possible combinations; if the genome car- 
ries 2 3 JA, 300 Yk and 4 ]k segments, this gives 

1206 different light chains {2x3 plus 300 x 4). Like- 
wise, if there exist 200 12 A and 4 segments, 

the maximum number of different regions is 
(200 X 12 X 4) = 9600. 

Moreover, it was shown by direct examination that 
the gene region is indeed organized before and dur- 
ing B cell differentiation. Joining of ends is somewhat 



K-f-germ line DNA 





Fig, 7.61. Probable mechanism for insertion of V (variable) 
genes for determination of specific immunoglobulin mole- 
cules. For details see the text 
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imprecise by some bases; this is an additional source 
of diversity. In other cases, this lack of precision leads 
to an out-of-phase reading frame that makes tran- 
scription impossible: diversity is achieved at the ex- 
pense of some waste. Sometimes, one or more nu- 
cleotides are inserted at the joints. The molecular 
mechanisms of this rejoining process have been elu- 
cidated: at the 3' end of each V gene, a 7 bp sequence 
is found which is identical in all V genes. Twelve ran- 
dom base pairs are then followed by a 12-bp sequence 
which is also identical. The same heptamer and non- 
amer sequences are found at the 5'' ends of the ] 
genes; however, here they are oriented in the opposite 
direction (and separated by 23 random base pairs; 
Fig. 7.61). Only one stretch with the short spacer 
(from a V gene) and one with the long spacer (from 
a / gene) can recombine in one cell. The enzymes ne- 
cessary for such recombination only occur in B pre- 
cursor cells; they are controlled by two recombina- 
tion activating genes [189], 

However, the above sources of variation are not quite 
sufficient for creating antibody diversity. And, in- 
deed, the supporters of the somatic mutation hypoth- 
esis were also partially right: there is now conclusive 
evidence from comparison of homologous sequences 
of different origin that numerous somatic mutations 
occur. In almost all instances these are simple base 
substitutions leading to the replacement of only one 
amino acid. They have been observed not only in 
the V but also in the / and D segments. 

In conclusion, the somatically generated diversity de- 
rives from four sources: 

1. Combinatorial; regions are present in multiple 
copies, only one of which is connected with the 
corresponding/, D, and C regions to form the func- 
tional gene. 

2. and 3. functional; Additional diversity occurs in 
the joint regions and may be named junctional 
site diversity and junctional insertion diversity: 
Joining ends are imprecise (2), and nucleotides 
may be inserted (3). 

4. Somatic mutations: Superimposed on these recom- 
binational mechanisms of diversification is somat- 
ic mutation in the V, ] and D regions. 

In this way it is easy to understand how the many 
thousands of different antibodies can be formed by 
one individual. In humans the genes for the k chains 
are located on chromosome 2 (2pi2), for the X chains 
on chromosome 22 (22qii.i2), and chromosome 14 
carries all H chain genes {i4q32.33). Structural rear- 
rangements such as translocations in which these 
genes are involved may lead to characteristic maUg- 
nancies (Chap. 10). For example, in a special type of 
acute lymphoblastic leukemia H genes on chromo- 
some 14 are brought together with the myc oncogene. 
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Fig. 7.6:1. The hypervariable areas of immunoglobulin mole- 
cules form pockets which act as antigen combining sites 



V Parts and the Specificity of Antibodies, As noted, 
antibody specificity is determined by the variable 
parts, which differ in amino acid sequences. Even 
within the variable parts, variability is higher in 
some regions than in others. 

Antigens are bound to the combining site of an anti- 
body molecule. If antibody specificity is indeed de- 
termined by differences in amino acid sequences, 
the combining sites should be found in regions that 
are especially variable. A method for determining 
the spatial order of a molecule is X-ray crystallog- 
raphy Such X-ray data are now available. Three hy- 
pervariable regions of the L chains and four such re- 
gions of H chains contribute to the combining site 
with the antigen (Fig, 7.62). The chains form a pocket 
which differs in shape depending on the amino acid 
sequences of the seven regions involved in their for- 
mation. 

Since the early days of immunology, the relationship 
between antigen and antibody has often been com- 
pared to that between a key and a lock. The spatial 
model in Fig. 7.62 shows that this notion might be 
more than a metaphor. 



7 A2 T Cell Receptors and Their Genes 

[60, 158, 159] 

As mentioned above, T cells have an important func- 
tion in the immune response (Fig. 7.55). T helper cells 
activate B lymphocytes which produce specific anti- 
bodies. T killer cells destroy cells infected by viruses, 
together with these viruses. In order to be activated, 
however, these T cells must receive a special signal. 
This signal comes from cells which have taken up 
the antigen and present it to these T cells. T cells re- 
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Fig.7»63. During embryonic development and 
differentiation, several different stem cells for an- 
tibody production are formed. In each cell, only 
one antibody can be formed because the gene for 
the constant part (white bar) has been connected 
with only one gene for the variable part (black 
bar). Stimulation by a specific antigen (arrow 
from the right) leads to proliferation of the stem 
cell clone capable of formation of the appropriate 
antibody and to increased production of this an- 
tibody» (Adapted from Hilschmann et al. 1976 
[116]) 



act to the antigen only if it is presented to them in 
combination with the MHC pattern of the presenting 
cells: for presentation to helper cells, HLA class 11, 
and for presentation to T killer ceUs, HLA class I spe- 
cifities. In order to accept these signals, T cells need 
receptors - the T cell receptors. Their function is si- 
milar to that of the immunoglobulins in B cells which 
also have receptor function. The difference is that im- 
munoglobulins recognize an antigen even without 
MHC specificity and are released from the cell to 
move freely in the medium, whereas T cells remain 
bound to the cell surface. 

The latter property has made their analysis much 
more difficult and delayed it for several years. No 
counterpart to myeloma proteins was available for 
ready examination. Finally however, their structure 
was elucidated. They belong to the same gene super- 
family as the immunoglobulms and the MHC pro- 
teins {Fig, 7,57); each receptor molecule consists of 
two polypeptide chains; in most instances there is 
one a and one ^ chain, but a small percentage of cells 
have a receptor consisting of one y and one d chain. 
During maturation of T cells a switch occurs between 
the production of and yd receptors [232] j similar 
to the switch in hemoglobin synthesis between HbF 
(ay) and HbA (aj8; Sect, 7.3). 

As with the immunoglobulins, the T cell receptor mo- 
lecules consist of constant and variable portions. 



They are also determined by a few C genes and 
many Y genes and, in addition, J and D segments. 
Biological mechanisms for the final, expressed, gene 
combinations are also the same, except for one differ- 
ence: there are no somatic mutations in T cell devel- 
opment. The genes for the P and y chains are located 
on chromosome 7 (7935; 7pi5-pi4) and those for the 
a and 3 chains on chromosome 14 (i4qii,2}, A good 
description of the analysis of this system with em- 
phasis on molecular methods is presented in [252]. 

7.4.3 denefk Diseases Due to Defects of Genes 
in the Defense System [6S, 215] 

The complex and multistep mechanism of the defense 
system is disturbed if single components are de- 
stroyed or impaired by mutations. Some of the genet- 
ic blocks are indicated in Fig. 7,54, but there are many 
more. They may involve B or T cell maturation or 
both; defects of single immunoglobulin classes; gran- 
ulocytes [6]; the T cell receptor [2]; or the comple- 
ment system [267], In addition to genetic blocks, 
anomalies in the regulation of the immune res pone 
may lead to disease. For example, if immune toler- 
ance is incomplete, the immune system fails to distin- 
guish between antigens of its own body and foreign 
ones, and antibodies against components of the indi- 
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vidual itself are formed. These autoimmune diseases 
are often associated with components of the MHC 
system, as shown by the well-known associations be- 
tween HLA types and diseases (Sect 6.2*3)* Overactiv- 
ity in synthesis and action of the IgE immunoglobu- 
lins leads to increased reaction to certain foreign pro- 
teins and to clinical signs of allergy especially those 
of atopic disease: atopic dermatitis, bronchial asthma, 
and hay fever {Sect, 6, 1,2,7)* Distribution of this ab- 
normal reaction in the population shows a strong ge- 
netic susceptibility as epitomized by high MZ twin 
concordance and familial aggregation* However, there 
is no simple mode of inheritance [167, 248]* The nor- 
mal function of IgE is defense against parasitic dis- 
eases such as intestinal worms. Some data indicate 
that overreaction of this system> in addition to caus- 
ing allergies, may afford relative protection against 
such parasites (Sect, 12,2,1) [107], 



7.5 Pharmacogenetics and Ecogenetics 
7.5*1 Pharmacogenetics 

The development of human biochemical genetics, 
with its insights into genetically determined enzyme 
deficiencies, gave rise to the field of pharmacogenet- 
ics, Garrod> the founder of human biochemical genet- 
ics [96] (Sect, 1,5)5 and Haldane [i09]j the great Brit- 
ish geneticist, had both suggested that biochemical 
individuality might explain unusual reactions to 
drugs and food. In the 1950 s several abnormal and 
adverse drug reactions were shown to be caused 
by genetically determined variation of enzymes* 
G6PD deficiency (Sect. 7*2*2*2) explained hemolytic 
anemias caused by fava bean ingestion and by a vari- 
ety of drugs in some individuals. Variation in the en- 
zyme pseudocholinesterase (butyrylcholinesterase) 
[77, 132, 133, 150] was found to underlie prolonged ap- 
nea caused by suxamethonium - a drug widely used 
to relax muscles during surgery Genetic differences 
in acetyltransferase activity explained marked inter- 
individual variation in blood levels of isoniazid 
(INH), a widely used drug in the treatment of tuber- 
culosis [78]* 

It was therefore suggested by one of the authors 
(A*G*M) in 1957 that many abnormal responses to 
drugs may be caused by genetically determined var- 
iation> such as enzyme deficiencies [167]. The other 
author (F,V,) first introduced the term pharmaco- 
genetics [246], 

G6PD System {305 900), The G6PD system is discuss- 
ed in Sect, 7,2, X-linkage of G6PD explains the pre- 
ponderance of males with hemolytic drug reactions 



due to G6PD deficiency. G6PD levels intermediate be- 
tween those of affected males and normals are often 
seen in heterozygous females but some obligatory 
heterozygous females have enzyme levels in the defi- 
cient range, and many have enzyme levels within the 
normal range. Heterozygote females with G6PD defi- 
ciency possess two red cell populations: normal and 
mutant cells. The ratio of normal to deficient red cells 
is generally 1 : 1 but may range from 1% normal and 
99% mutant cells to 1% mutant and 99% normal cells 
in a few heterozygotes [25], The frequency of females 
with G6PD- dependent drug reactions depends upon 
their population frequency (q^\ homo zygotes; ipq: 
heterozygotes, where q is the frequency of affected 
males [169] ), and on the degree of X inactivation as 
expressed by the ratio of normal and G6PD- deficient 
ceUs, Clinically affected females are the few homozy- 
gotes and usually only those heterozygotes who have 
a preponderance of mutant cells with low enzyme 
levels* Various drugs also differ in their potential for 
blood destruction. 

Several common G6PD variants have been associated 
with hemolytic reaction. In addition to drugs, hemo- 
lysis may be associated with bacterial and viral infec- 
tion or may be encountered as neonatal jaundice, 
where the immature liver is unable to clear bilirubin 
- a metabolic product of hemoglobin released by he- 
molysis. 

Hemolysis is particularly severe in the Mediterranean 
variant since in this condition G6PD deficiency is as- 
sociated with both decreased specific activity and 
molecular instability of the enzyme* In the common 
type of G6PD deficiency seen in persons of African 
origin (A“), red cells younger than 60 days (red cell 
life is 120 days) have sufficient amounts of enzymes, 
and the molecular instability characteristic of the de- 
fect affects only the older red cells so that hemolysis 
is self-limited (Fig* 7,4), G6PD levels in red cells fol- 
lowing hemolysis are not as low because only the old- 
er ceOs with deficient enzymes are destroyed* Fatal 
hemolytic episodes are seldom observed in this mild- 
er type of G6PD deficiency. With more severe hemo- 
lysis, as occurs in the Mediterranean variety of 
G6PD deficiency, a fatal outcome may occur. The 
number of drugs that cause hemolysis is also larger 
in Mediterranean G6PD deficiency than in the Afri- 
can type. No detailed data on the spectrum of harm- 
ful drugs are available yet for most other G6PD var- 
iants, 

Pseudocholinesterase (ButyrykhoUnesteTase) Varia- 
tion. The drug suxamethonium, or sucdnyldi choline, 
is commonly used as a muscular relaxant to facilitate 
surgical operations* Hydrolysis of the drug by the en- 
zyme pseudo cholinesterase occurs, and its normal 
action is brief. In some persons, the enzyme has 
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poor affinity for the drug> and such patients develop 
prolonged apnea due to depression of respiratory 
muscles. Under such circumstances many hours of 
artificial respiration may be necessary The cause of 
this drug reaction are various mutations in the 
homozygous or compound heterozygous state affect- 
ing the active site or destabilizing the enzyme, which 
can no longer effectively hydrolyze its substrate. 
Cholinesterase is a tetramer consisting of four identi- 
cal monomeric subunits. The gene for the enzyme is 
8o kb long and is located on chromosome 3q26.i- 
26,2, It is designated as BCHE (Table 7,20), Several 
mutations of this gene have been detected and have 
been characterized at the molecular level. The most 
common variant is the atypical allele (A) due to a 
missense mutation and is observed in 3%-4% of the 
white population in the heterozygote state. This var- 
iant is rare in populations of Oriental or African ori- 
gin, Several mutations lead to complete absence of 
enzyme activity (silent alleles). Two of these have 
been characterized as frameshift mutations (Ta- 
ble 7,20), Other variants are also Hsted. The K variant 
that reduces cholinesterase activity by one-third is a 
common polymorphism (heterozygote frequency: 
18%), and the rare J mutation is only found on chro- 
mosomes carrying the K variant. Similarly 90% of 
the common atypical (A) alleles are found in linkage 
disequilibrium with the K variant. 

Cocaine is a substrate that is only slowly hydrolyzed 
by chohnesterase. Genetic variants prolong the short 
(i-h) half-life of cocaine but are seldom of clinical 
significance. However, under conditions of repeated 
intake> particularly of forms that are absorbed rapid- 
ly, such as crack, toxic levels of cocaine may accumu- 
late in blood and tissues [132], Adverse events, such 
as cardiac death due to cocaine-mediated vasocon- 



striction (a known effect of cocaine), might be expec- 
ted more commonly among homozygotes and com- 
pound heterozygotes for the cholinesterase variants, 
but no data to document this contention are avail- 
able. 

Cholinesterase enzyme status is usually assessed 
using benzoylcholine as a substrate and inhibiting 
the activity of cholinesterase by inhibitors such as di- 
bucaine and fluoride. The reduced inhibition of en- 
zyme activity identifies the atypical dibucaine-resis- 
tant and the fluoride- resistant enzyme and allows ge- 
netic characterization of heterozygotes and homozy- 
gotes for these variants. Inhibition status of the en- 
zyme is much better correlated with the clinical phe- 
notype than the level of enzyme activity alone 
(Fig, 7,64), Heterozygotes for the atypical allele very 
rarely develop the characteristic prolonged apnea, 
while compound homozygotes and homozygotes do. 
In the future PCR-based molecular techniques should 
make it possible to detect the characteristic muta- 
tions without carrying out the enzyme assay and bio- 
chemical inhibition tests, 

Acetyltransferase Variation [77, 200], Several drugs 
are acetylated by the liver enzyme JV- acetyltransfer- 
ase, These drugs include isoniazid^ hydralazine, pro- 
cainamide, phenelzine, dapsone, salicylazosulfapyri- 
dine, sulfamethazine, and nitrazepam. Human popu- 
lations can be subdivided into distinct classes (rapid 
or slow inactivation) based on whether they acetylate 
a test drug such as isoniazid or sulfamethazine, admi- 
nistered in vivo. 

Family studies using blood levels of isoniazid after 
administration of a standard dose as the test criterion 
show that slow inactivators are homo zygotes for de- 
fective acetylation. Heterozygotes usually cannot be 



Table 7 , 20 , Characteristics of cholinesterase variants (from Evans 1993 [ 77 ]: KaJaw and Grant 1995 [ 132 ]) 



Common name 


Common 


Phenotype 


Codon alteration 


Amino acid 


Formal name 


Approximate 




abbrevia- 






alteration 


of genotype 


frequency of 




tion 










homozygotes*’ 


Usual 


U 


Normal 


None 


None 


BCHE 


96% 


Atypical 


A 


Dibucaine resistant 


70 GAT -» GGT 


Asp — > Gly 


BCHE^ 70 G 


1/3500 


Silent 1 


Si 


No activity 


117 GGG-»GGAG 


Gly -> frameshift 


BCHE FS 117 






Silent 2 


Si 


No activity 


6ATT -> TT 


He — > frameshift 


BCHE FS6 




-1/100 000'' 


Silent 3 


^3 


No activity 


500 TAT -* TAA 


Tyr — > stop 


BCHE* 500 






Fluoride 1 


P| 


Fluoride resistant 


243 ACG -» ATG 


Thr — > Met 


BCHE* 243 M 




'1/150000 


Fluoride 2 


^2 


Fluoride resistant 


390 GGT -> GTT 


Gly -> Val 


BCHE* 390 V 


? 




K variant^ 


K 


66% activity 


539 GCA ACA 


Ala — > Thr 


BCHE* 539 T 


1% 


1 variant" 


J 


33 % activity 


497 GAA -¥ GTA 


Glu Val 


BCHE* 497 V 




-1/150000 



^ The characteristics of the K variant are also present in all } variants examined and in 90 % of atypical variants. 
^ Among whites. 

^ Homozygote frequency refers to all silent alleles. 
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Fig* 7.64 a-d. Distributions of levels of cholinesterase activity 
in sera from 11 individuals found to be excessively sensitive to 
suxamethonium and 58 of their relatives. Each square repre- 
sents one individual; blacky the suxamethonium-sensitive 
propositi, a Distribution of levels of serum cholinesterase ac- 
tivity* The activity levels were determined manometrically 
with acetylcholine as substrate, b Distribution of activity lev- 
els of those classified as having the usual phenotype, c Distri- 
bution of activity levels of those classified as having the in- 
termediate phenotype, d Distribution of activity levels in 
those classified as having the atypical phenotype. Note: dis- 
tribution a represents the sum of distributions b> c, and d, 
(From Harris et al. i960) 




Steady state plasma concentration 

Fig* 7*65* Steady-state plasma concentration of a drug and 
biological effect 



differentiated from wild- type (or normal) homozy- 
gotes* In recent years the molecular basis of the ace- 
tylation polymorphism has been elucidated (Ta- 
ble 7*zi)* It has been known for some time that acety- 
lation of some drugs (such as para-aminosalicylic 
acid and PABA) is monomorphic and does not exhi- 



bit the rapid/slow polymorphism demonstrated for 
isoniazid and some other drugs. Two different acety- 
lation genes were therefore postulated. More recently, 
two highly homologous (87%) M-acetyltransferase 
genes (NATi and NATi) were identified on chromo- 
some Spter. In addition, a third pseudogene (NATP) 
in this gene cluster with a large number of presum- 
ably inactivating mutations was found. It was shown 
that the NATi gene carries out monomorphic acetyla- 
tion, while variants of the NAT2 gene account for 
slow inactivation of isoniazid and other polymorphi- 
cally inactivated drugs, Missense mutations of NAT2 
(Table 7,21) render the gene product^ i, e„ liver iSf-ace- 
tyltransferase less stable and therefore less active. 
Three principal variants were identified, A markedly 
lower frequency of slow inactivators among Japanese 
is caused by the complete absence of the Mi variant 
in this population. The three variants M^, and 
of Table 7.21 account for 95 % or more of slow inacti- 
vators in all populations. Detailed tabulations of the 
world frequencies are available [77]. Rare variants 
have been discovered including one mutation that ap- 
pears to be limited to Africans [154], The natural sub- 
strates of both the NAT^ and NAT^ genes remain un- 
known. 

These developments in molecular genetics allow de- 
tection of slow acetylation status by PCR techniques 
from small amounts of blood with clear differentia- 
tion of the variant homozygoteSj compound heterozy- 
gotes (i,e„ M/MJ and heterozygotes. Since these 
methods do not require the cumbersome administra- 
tion of a test drug followed by collection of blood or 
urine specimens, more extensive work with the acety- 
lation polymorphisms is now possible. 

Clinical consequences of the acetylation polymorph- 
ism relate to a higher frequency of vitamin respon- 

sive polyneuropathy among slow inactivators on 
treatment with isoniazid, A higher frequency of lu- 
puslike side effects are seen when slow inactivators 
are given hydralazine or procainamide. More hema- 
tological side effects in slow inactivators are observed 
with dapsone and with sal icylazosulfapyri dine. Rapid 
inactivators may require higher doses of the drugs to 
reach satisfactory therapeutic effects. 

Many studies have been carried out on the possible 
association of polymorphic acetylation with a variety 
of diseases [77], Slow inactivators appear to be at a 
30 % higher risk of developing bladder cancer, parti- 
cularly those living in more industrialized environ- 
ments (See below, Sect, 7,5,2), Other associations 
with slow inactivation status such as with non-insu- 
lin-dependent, or type 2, diabetes and Gilbert's dis- 
ease remain to be explained, 

Debrisoquine-Sparteine (CYP2D6) PolymorphisTn [56, 
75, 132, 165], A common polymorphism affecting the 
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Table 7.21* Polymorphic N^acelyltransferase variation (adapted from Evans 1993 [77J: Chinese data from Lee et al. 1994 [i4S]j 
African American data from Bell et aL 1993: [19J) 



Aliele Crltica] nucleotide Amino acid Allele frequencies of slow inactivation 

change' change 









Whites 
(n = 372) 


African- 
Americans 
in = 238) 


lapanese 
in = 86) 


Chinese 
(ft = 187) 


wild type (wt) 




- 


0.25 


0J6 


0*69 


0.51 


Ml 


341 T-^C 
481 C ->T 


114 De^Thr 
Nil 


0.43 


0.30 


0 


0*075 


M2 


590 G A 


197 Arg -> Gin 


0.28 


0.22 


0*24 


0.32 


M3 


857 G -> A 


286 Gly Glu 


0.02 


0.02 


0.07 


0.1 



^ Refers to coding exon. 
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smoking controls (a; above) and lung cancer patients (bj be- 
low). (Ayesh et al., Nature 312, 169, 19S4, modified) 
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Table 7,12. Drug responses in poor metabolizers with 
CYP2D6 polymorphisms (from Kalow and Grant 1995 [132]; 
Eichelbaum and Gross 1992 [72]) 



Drug reactions 
Caplopril 
Flecainide 



Phenacetin 

Phenformin 

Tricyclic antidepressants 
Nortryptyline, 
desipramine 
Beta blockers 
Propanol, timolol, 
alprenol 

Lack of efficacy 
Codeine 
Encainide 



Agranulocytosis 
High blood levels with renal 
impairment - pro arrhyth- 
mic effects 
Meth e moglobi nem la 
Lactic acidosis 
Overdose 

Sedation and tremors 

Defective metabolism caus- 
ing a higher frequency of 
side effects^ 

Reduced analgesia 
Lack of arrhythmic effect 



Many additional drugs are metabolized by CYP2D6 but did 
not reach the market because of drug reactions, presumably 
caused by this polymorphism, 

® Not definitely confirmed. 



Table 7*23* Frequency of poor metabolizers in different popu- 
lations studied by probe drugs (from Kalow and Grant 1995 

[132I) 



Ethnic group 


Poor metabolizers 


Whites 


3-^10 


(Europe, North America) 
Chinese 


0*7- 1.1 


Japanese 


0-2.3 


West Africans 


0-8 


A fri can - A merican s 


1.9 



P450 enzyme CYPzDd causes defective oxidation of 
many different drugs which require oxidative metabo- 
lism (Tables 7*22-7.25)* This polymorphism was dis- 
covered independently in studies with the antihyper- 
tensive drug debrisoquine and the oxytocic and anti- 
arrhythmic agent sparteine. Severe, prolonged hypo- 
tension occured occasionally on administration of 
debrisoquine, and this has been shown to be caused 
by failure to metabolize the drug by 4-hydroxylation. 
When sparteine was studied as an antiarrhythmic 
agent, most patients failed to reach sufficiently high 
plasma concentrations to attain the desired therapeu- 
tic response [67]* Furthermore, severe obstetric com- 
plications {such as uterine tetany, abruptio placentae, 
and unduly rapid labor) occur in 7% of women re- 
ceiving sparteine to induce labor at term [188] - a 
complication rate similar to the frequency of poor 
metabolizers for CYP2D6 (Tables 7.23-7*25)* Extensive 



Table 724* Frequencies of CYP2D6 alleles in different popu- 
lations (from Masimiriembwa et al. 1993 [161]) 





Whites 


African- 

Americans 


Zimbab- 

weans 


Chine 


D6wt 


0.70 


0.86 


0.94 


0.93 


D6A 


0*02 


0.024 


0 


0 


D6B 


0*23 


0.085 


0.018 


0.008 


D6D 


0*05 


0.06 


0.039 


0.056 


Total 


1*00 


1.00 


1*00 


1.00 



wt, wild type 



Table 7,25* Number (and frequency) of mutations of CYP2D6 
detected by PCR amplification in extensive (EM) and poor 
metabolizers (PM) of debrisoquine or sparteine (whites; 
from Meyer et al, 199 ^ [165]) 



Genotype 
by PCR test 


EM 

{n = 98) 


PM 

(n = 46) 


wt/wl 


52 (0*53) 


) (0.02) 


wt/B 


43 (0*44) 


3 (0.06) 


wt/A 


3 (0.03) 


- 


B/B 


- 


36 (0,78) 


A/A 


- 


1 (0,02) 


A/B 


- 


3 (0.07) 


D/D (no amplification) 


- 


2 (0.04) 



wt, wild type 



studies have shown that the CYPzDd polymorphism 
participates in oxidative metabolism of many differ- 
ent drugs, including antiarrhythmic agents, beta- 
blockers, neuroleptics, and tricyclic antidepressants* 
Some unexpected drug responses that can definitely 
be ascribed to this polymorphism are listed in Ta- 
ble 7.22. The report that poor metabolizers in a large 
study were found to be more anxiety prone and less 
successfully socialized than extensive metabolizers is 
intriguing [157]* The full extent of the potential clini- 
cal significance of the CYP2D6 polymorphism for 
drug therapy remains under discussion [72, 132], 
While drug toxicity may often be due to failure to 
metabolize a given drug, some therapeutic agents re- 
quire CYP2D6 to activate a precursor to become the 
actual therapeutic agent. If this reaction is defective, 
an expected drug effect such as analgesia from co- 
deine or suppression of cardiac arrhythmia by encai- 
nide is no longer observed (see Table 7.22), and the 
drug lacks efficacy with standard dosage* 

Family studies have shown that the CYP2D6 poly-* 
morphism is a common autosomal recessive trait* 
With a homozygote frequency of 5%, 35% of the po- 
pulation are heterozygotes. The determination of the 
CYP2D6 phenotype required in vivo administration 
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Fig, 7,67* Relationship between debrisoquine metabolic ratio 
and genotype. Debrisoquine metabolic ratios and CYP2D6 
genotypes were analyzed in 93 unrelated volunteers of Eu- 
ropean origin. Homozygous extensive metabolizers; ■ , 
heterozygotes; ^ poor metabolizers. (From Cholerton et al. 

1992 [56]) 

of a small dose of debrisoquine as a drug probe fol- 
lowed by measurement of the ratio of metabolized to 
nonmetabolized drug in the urLue after some hours. 
More recently, the cough suppressant dextromorphan 
{an over-the-counter medication) has replaced debri- 
soquine as the probe drug. The frequency of poor 
metabolizers using in vivo testing in different popula- 
tions is shown in Table 7,23. A higher gene frequency 
of this polymorphism among populations of Euro- 
pean origin has been noted. 

After purification of the D6 enzyme from livers of or- 
gan donors j the CYP2D6 gene was cloned and 
expressed in mammalian cell culture. It was localized 
to chromosome 22qii.2-qter, The CYP2D6 gene dus- 
ter consists of four genes. Three are nonexpressed 
pseudogenes, with D6 being the functional gene. 
Using a combination of Southern blotting and PCR 
amplification, at least eight alleles have been identi- 
fied at the D6 locus. In addition to the common 
wild- type allele (D6wt), a less frequent wild -type al- 
lele (allele frequency 0.03) with normal enzyme ac- 
tivity has been detected. Several alleles are associated 
with absent enzyme function, leading to the poor me- 
tabolizer status in the homozygous or compound het- 
erozygous state. The mutations compromising en- 
zyme function (A, B, D) are caused by different dele- 
tions and splice site mutations. The most common 
mutations, D6B, occurs in 23% of Europeans (allele 
frequency) but is rare in other populations {Ta- 
ble 7,24), Table 7,25 provides comparative data from a 
study of in vivo phenotyping and in vitro genotyping. 
Some 8 % of poor metabolizers have as yet unidenti- 
fied mutations. Figure 7,67 shows the relationship be- 
tween debrisoquine fhenotypt and CYP2D6 geno- 
typCy indicating considerable overlap between wild- 
type homozygotes and heterozygotes but demon- 



strates that the most active extensive metabolizers 
are wild-type homozygotes. DNA genotyping for this 
polymorphism using white blood cells should facili- 
tate work in this area since it can bypass the cumber- 
some and somewhat invasive phenotyping test that 
requires drug administration and urine sampling, 

Mephenytoin Polymorphism [257], It has been shown 
that oxidation of the anticonvulsant mephenytoin is 
under control of a different gene and is not related to 
the debrisoquine type of polymorphism. The relative- 
ly high frequency of side effects with this drug ob- 
served in the past is presumably accounted for by the 
failure of mephenytoin oxidation in a small percen- 
tage (2%-5%) of the population, Phenytoin (dilantin) 
may be oxidized by the same polymorphic enzyme. 

Other Monogenic Pharmacogenetic Traits. A variety of 
other traits that are inherited as simple Mendelian 
traits play a role in pharmacogenetics. These are list- 
ed in Table 7,26, 

Multifactorial Pharmacogenetics. A series of twin 
studies on the half-life of various drugs have empha- 
sized the importance of genetic factors in drug meta- 
bolism, Whenever a drug has been given to identical 
and nonidentical twins [280], much more similarity 
in drug metabolism has been noted among the MZ 
twins. Heritability measurements based on such data 
have shown that the contribution of heredity to the 
total variation in drug half-life is high and sometimes 
reaches 99% (Table 7.27), 

When the standard dose of a drug is given to many 
members of a normal population, considerable varia- 
bility in blood levels is noted in different persons. 
While a variety of factors affect such blood levels, dif- 
ferences in drug metabolism as assessed by half-life 
are usually major determinants. The half-life (or stea- 
dy level) of a drug is a rather constant parameter in 
an individual and, as suggested by the twin data, is 
influenced largely by genetic factors. The underlying 
biochemical basis of the details of drug metabolism 
is as yet unknown. Variation in half-life or response 
for most drugs can be plotted as a bell-shaped Gaus- 
sian distribution curve {Fig, 7,65), A certain number 
of persons at each end of the unimodal distribution 
curve have either too large or an insufficient amount 
of drug following administration of an average dose. 
The result is either toxicity due to excessive blood le- 
vels or failure of the drug to exert its effects because 
of very low blood levels. The demonstration that ge- 
netic factors play a role in the metabolism of most 
drugs transformed pharmacogenetics from a field 
dealing with a few unusual drug reactions to a disci- 
pline of central importance for pharmacology and 
therapeutics [175], 
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Table 7 , 26 . Monogenic pharmacogenetic traits 



Enzymatic or metabolic 
abnormalities 



Result and/or clinical ab- 
normalities 



A. Well-established traits (see text) 

a) Common traits 
Some G 6 PD variants 
N- Acetyl t ransferase 

polymorphisms 
Poor oxidation 
(debrisoquine/ 
sparteine) 

b) Rare traits 
Pseudoch ol inesterase 

variants 

Abnormal calcium 
metabolism 



Hemolysis 

Reduced acetylation of sev- 
eral drugs (see text) 
Untoward reactions to 
many drugs (see Ta- 
bles 7.22-7.25) 



Some unstable he- 
moglobins 
Various porphyrias 

Methemoglobin re- 
ductase deficiency 



Prolonged suxametho- 
nium- induced apnea 
Malignant hyperthermia 
following inhalation an- 
esthesia 
Hemolysis 



Several drugs precipitate 
symptoms of disease 
Cyanosis with some oxidiz- 
ing drugs 



B. Traits whose clinical significance is less certain 



Para 0 x 0 nase poly- 
morphism 

Poor mephenytoin oxi- 
dation 

Thiop urine methyl 
transferase poly- 
morphism (cytosolic) 

Catechol- 0 - methyl 
transferase poly- 
morphism 

Epoxide hydrolase defi- 
ciency 



Low-activity carriers 
{-'50%) more susceptible 
to parathione poisoning 
Severe side effects from 
mephenytoin 

Lack of effective action of 
thiopurine drugs (e, g.t 
mercap top urine) 

Lack of effective action of 
L-dopa and a- methyl 
dopa 

Phenytoin hepatotoxicity 



crease shows marked variation between strains. 
Schizophrenia - like symptoms can be induced in 
humans by drugs such as LSD and metaphetamine 
and even by alcohol abuse (alcohol hallucinosis). 
The incidence of schizophrenia has been found to 
be significantly increased among first- degree rela- 
tives of patients suffering from these complica- 
tions. 

A rare but dangerous and frequently fatal complica- 
tion of general anesthesia is malignant hyperthermiaj 
often associated with increased muscular rigidity 
[132I. An incompletely autosomal-dominant mode of 
inheritance is often observed. Many patients have 
minor muscular complaints, such as ptosis, strabis- 
mus, cramping, and recurrent dislocations. Abnormal 
electromyograms and slight histological signs of 
myopathy have also been described. Slightly in- 
creased creatine phosphokinase values are common 
in these patients. 

A test to assess the contractile properties of biopsied 
muscle on exposure to halothane or caffeine (or 
both) is often used to detect susceptibility to malig- 
nant hyperthermia [132]. Equivocal or false- positive 
test results, however, are common. A similar condi- 
tion in swine has been described and is caused by a 
specific missense mutation of a calcium release chan- 
nel known as the ryanodine receptor [94]. The gene 
for malignant hyperthermia in some but not all hu- 
man families has been localized to the site of the rya- 
nodine receptor locus on chromosome 19 by linkage 
studies [132]. The specific mutation observed in the 
porcine disease has been found in only one human 
family. Malignant hyperthermia, as many other ge- 
netic diseases, exhibits both allelic and presumably 
interalielic heterogeneity. 



Pharmacogenetic Variation at the Level of the Target 
Organ. Genetic variation at the level of the target or- 
gan has been discussed for G6PD deficiency of the 
red cell. The example of alcohol action on the brain 
is considered in Sect. 15.2.3.5. The side effects of psy- 
chotropic drugs on the brain may also have a genet- 
ic basis [100]. For example, persons receiving phe- 
nothiazine occasionally develop parkinsonism; those 
having a relative with parkinsonism run a threefold 
risk [200]. “Tardive dyskinesia” manifesting as ab- 
normal, involuntary movements is not very rare 
among patients treated with psych opharmacological 
agents; there is impressive familial aggregation. 
Since such therapy influences the action of the neu- 
rotransmitter dopamine (Sect. 15.2.3.6), it is interest- 
ing that an increase in number of dopamine recep- 
tors in the nucleus caudatus of rats has been de- 
scribed after administration of neuroleptics; this in- 



7,5.2 Ecogenetics [ 8 , 174 , 176 , 192 ] 

The concept of ecogenetics - first suggested by Brew- 
er in 1971 [36] - evolved historically from pharmaco- 
genetics. Drugs are only a small fraction of envi- 
ronmental chemical agents to which humans are ex- 
posed. Various other potentially toxic agents exist in 
the environment and may damage a fraction of the 
population who are genetically predisposed. Ecoge- 
netics extends the central concept of genetically de- 
termined variable drug responses to other environ- 
mental agents. Since twin studies suggest that the me- 
tabolism of most drugs is subject to genetic influen- 
ces, it can be inferred that genetic control of biotrans- 
formation and receptor action applies to most chemi- 
cal agents. The field of human ecogenetics deals with 
variable responses of humans to environmental 
agents and attempts to explain why only some of 
those exposed are injured by harmful agents, and 
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Table 7-27* Studies in twins on drug elimination rate or under steady-state conditions (from Propping 1978 [199]) 



Drug 


Authors, no. of twin pairs 


Measured parameter 


Range 






hi 


Antipyrine 


Vesell and Page (1968) 


Plasma half-life (h) 


5J-16.7 


0.93 


-0,03 


0.99 


18 mg/kg p. 0. 
(single dose) 


9 MZ, 9 DZ 












Phenylbutazone 


Vesell and Page (1968) 


Plasma half-life (days) 


1. 2-7.3 


0.98 


0.45 


0.99 


6 mg/ kg p. 0. 
(single dose) 


7 M2, 7 DZ 












Dicumarol 


Vesell and Page (1968) 


Plasma half-life (h) 


7.0-7A0 


0.99 


0.80 


0.98 


4 mg/kg p. 0. 
(single dose) 


7 MZ, 7 DZ 












Halothane 


Cascorbi et al. (1971) 


Urinary excretion of sodium 


2.7-11.4 


0.71 


0.54 


0.63 


3.4 mg Lv. 


5 MZ, 5 DZ 


trifluoroacetate in 24 h 










(single dose) 




{% of injected dose) 










Ethanol 


Luth (1939) 


(mg/ml ■ h) 


0.051-0.141 


0.64 


0.16 


0.63 


0.5 g/kg p.o. 
(single dose) 


10 MZ, 10 DZ 


EDR (mg/kg ■ h) 


50.00-109.63 


0.77 


0.45 


0.67 


1 ml/ kg p. 0, 


Vesell et al (1971) 


ftm (mg/ml h) 


0.11-0.24 


0.96 


0.38 


0.98 


(single dose) 


7 MZ, 7 DZ 












L2 ml/kg p.o. 


Kopun and Propping 


Absorption rate 


0.20-1.12 


0.56 


0.27 


0.57 


(single dose) 


(1977) 


(mg/ml 30 min) 












19M2, 21 DZ 


(mg/ml ■ h) 


0.073-0.255 


0,71 


0.33 


0.46 






EDR (mg/kg h) 


57.6-147.6 


0.76 


0.28 


0.41 


DiphenyU 


Andreasen et al. (1973) 


Serum half-life (h) 


7.7-25.5 


0.92 


0.14 


0.85 


hydantoin 
100 mg i. V* 
(single dose) 


7 MZ, 7 DZ 












IJlhium 


Dorns et aL (1975) 


Plasma concentration 


0.16-0.38 


0.94 


0.61 


0.86 


300 mg/ 12 h p.o. 


5 MZ, 5 DZ 


(mEq/l) 










(for 7 days) 




Red blood cell concentration 


0.050-0.102 


0.98 


0.71 


0.83 






(mEq/l) 

RBC/plasma concentration 


0.18-0.56 


0.84 


0.62 


0.92 






(each after 3 days of 
treatment) 










Amobarbital 


Endrenyi et aL (1976) 


Plasma clearance rate 


16.0-67.2 


0.87 


0.55 


0.83 


123 mg i. V, 


7 MZ, 7 DZ 


(ml/min) 










(single dose) 




Weight-adjusted clearance 


1.76-6.16 


0.92 


0.60 


0.80 






0/kg’h) 

Elimination rate constant 


2.09-8.17 


0.93 


0.03 


0.91 






(h-‘) 










Nortriptyline 


Alexanderson et al. 


Steady-state plasma level 


8-78 


_t 


_■ 




0.6 mg/kg d p. 0. 


(1969) 


(ng/ml) 










(for 8 days) 


19 MZ, 20 DZ 












Sodium salicylate 


Furst et ah (1977) 


Slope of serum salicylate 


0,64-1.02 


0.64 


0.32 


0.86 


40 mg/kg i.v 


7 MZ, 7 DZ 


decay 










(single dose) 




(mg/dl h) 










Aspirin 


See Propping 


Plateau serum salicylic acid 


11 .9-36.4 


0.90 


0.33 


0.98 


65 mg/kg d p.o. 




(mg/dl) 










(for 3 days) 




Salicyluraie excretion rate 


0.84-1,91 


0.94 


0.76 


0.89 



(plateau) (mg/kg h) 



Disappearance rate from blood; EDR, ethanol degradation rate; iniraclass correlation coefficient: in MZ and DZ 

■ 1 1.WL ■ L>- ^ Vw(DZ)-Vw(MZ) . 

twmsj respectively; n; (nentability) — — — — — ^ variance within twin pairs. 

V^(DZ) 

® Published data do not allow calculation^ but MZ twins are much more similar to one another than DZ. 
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how individuals differ in their adaptation to the en- 
vironment, The working hypothesis of ecogenetics is 
the concept that an individuaPs genetically deter- 
mined biochemical makeup often determines the re- 
sponse to an environmental agent, particularly in si- 
tuations in which it is already known that most hu- 
man beings react differently to the particular agent. 
Similar to the findings in pharmacogenetics, some 
ecogenetic reactions are due to the presence of rare 
mutant genes and cause a grossly abnormal response 
or idiosyncratic reaction. In other instances the vari- 
able response is mediated by a polymorphic system, 
and a significant proportion (2%-50%) of the popu- 
lation react differently. Most frequently, ecogenetic 
responses involve several genes and lead to unusual 
responses in a few individuals whose genetic makeup 
causes them to fall toward one end of the unimodal 
distribution curve. 

Carcinogens. Recent data (see Sect. 11.2) suggest that 
most mutagenic substances are also carcinogenic. It 
is likely that pharmaco genetic principles apply to 
potentially carcinogenic chemicals. Genetic concepts 
provide a partial explanation why most persons un- 
der equal exposure to a chemical do not develop 
cancer. Only individuals with variant metabolisms 
such as slow inactivators or those who transform a 
substance into a more powerful carcinogen are likely 
to respond with neoplasia. Genetic variation in re- 
pair enzymes (see Chap. 10) or in “immune surveil- 
lance” affecting mutant cells may be other sources 
of cancer. Persons who already carry a germline 
mutation for a cancer susceptibility gene may be at 
particularly high risk to develop clinical cancer 
when exposed to carcinogenic agents which may 
cause a higher frequency of somatic mutations in 
the allelic homologous partner of this cancer gene 
(Chap. 10}. 

The enzyme system of arylhydro carbon hydroxylase 
is involved in the activation of polycyclic hydrocar- 
bons into more potent carcinogenic agents. Arylhy- 
dro carbon hydroxylase levels in humans are under 
genetic control, as assessed by twin and family stud- 
ies. The exact mode of inheritance is not clear, but 
monogenic inheritance has been claimed for humans 
[138, 139] and for an analogous enzyme system in 
mice [i8i]. It is more likely, however, that inheritance 
is polygenic [181]. In any case, it is conceivable that 
persons with high arylhydro carbon hydroxylase ac- 
tivities are at higher risk of cancer induced by poly- 
cyclic hydrocarbons, such as lung cancer associated 
with cigarette smoking [73, 138, 139]. 

Several other polymorphisms potentially involved in the me- 
tabolism of carcinogenic substances have been investigated, 
such as susceptibility factors for lung cancer associated with 



smoking. At least ten studies have been carried out with the 
CYP2D6 (debrisoquine hydroxylase) variant [75, 77, 157, 
z68]. The data suggest a lower frequency of bronchial carci- 
noma among poor metaboHzers of CYP2D6, who normally 
comprise about 5% of white populations (Pig. 7.66), The re- 
sults have not always been statistically significant, and several 
studies (including one that defined genotypes by molecular 
techniques [268]) showed no differences in lung cancer fre- 
quencies between poor and extensive metabolizers. 
Glutathione- 5 - transferases (GST) are enzymes that conjugate 
carcinogens such as epoxide and hydroperoxides with gluta- 
thione, Several varieties exist. A common polymorphism of 
the p type of GST is characterized by a complete deletion of 
the gene and exists in the homozygote state in about 50 % of 
the population (allele frequency 0.7)* The deleted allele can 
be detected by enzyme measurements with transstilbene 
oxide as a substrate or by various molecular techniques. Sev- 
eral studies [112, 271] have shown that homozygous indivi- 
duals lacking the glutathione conjugating enzyme have a 
higher frequency of smoking- related lung cancer. Other in- 
vestigators have failed to show statistically significant differ- 
ences between lung cancer patients and controls. However, 
in vitro studies show that induction of sister chromatid ex- 
change in lymphocytes is greater among homozygotes for 
the deleted GST p allele, providing biological plausibility for 
the protective effect of the GST p enzyme against the carcino- 
genic effects of cigarette smoking [245, 261]. 

Much more work on the metabolism of carcinogenic 
substances and their enzymes is necessary to demon- 
strate the likely role of human variation in environ- 
mental carcinogenesis. Variations in repair mechan- 
isms may also play a role as suggested by the higher 
frequency of cancer in patients affected with genetic 
lesions of mutational repair (Fanconi anemia. Bloom 
syndrome, ataxia-telangiectasia, xeroderma pigmen- 
tosum; Chap. 10). It is particularly noteworthy that 
the not infrequent heterozygotes for three of these 
conditions have a higher frequency of malignancy; 
however, in heterozygotes for xeroderma pigmento- 
sum malignancy appears only after extensive expo- 
sure to sunlight. Since many human cancers are 
thought to be related to environmental agents to 
which large portions of the populations are exposed, 
a genetic approach is likely to provide answers why 
only some persons develop cancer with similar envir- 
onmental exposure. 

Bladder cancer is more common among industrial 
workers exposed to amines such as benzidine and 
naphthylamines. Since these chemicals are poly- 
morphically acetyl ated by acetyitransferase (see 
above), it has been suggested that slow inactivators 
of these substances and others exposed to urban and 
industrial environments are at higher risk. At least 
17 studies (summarized in [77]) have been carried 
out and indicate a 30 % higher risk for bladder cancer 
among slow inactivators. Heavily exposed industrial 
workers appear to be at higher risk. The lower fre- 
quency of bladder cancer in fapan (6.3/100000) than 
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in the United States (26/100000) is consistent with 
the much lower homozygote frequency of slow inacti- 
vators in Japan (11%) than in the United States 
(-' 50 %}* 

a^-Antitrypsin Deftcienq/ (107400). ot^-Antitrypsin 
deficiency is associated with the Z allele in the homo- 
zygous state and predisposes to early chronic ob- 
structive pulmonary disease. Heterozygote smokers 
for this defect have somewhat impaired pulmonary 
function. It is possible that with smoking and pollut- 
ed environments there is an increased frequency of 
chronic obstructive pulmonary disease among het- 
erozygotes for this defect (see Sect. 6.2.4). 

Paraoxonase [184]. Parathione is a widely used insec- 
ticide, The compound is metabolized to paraoxone 
by liver microsomes, Paraoxone is further broken 
down by the serum enzyme paraoxonase. There is a 
definite bimodal distribution of widely varying para- 
oxonase levels in the European population, with 50% 
having low levels. Family studies have shown that 
those with low enzyme levels are homozygotes for a 
low-activity allele (gene frequency 0.7). The low-ac- 
tivity allele is caused by a glutamine to arginine sub- 
stitution in the enzyme [77], No epidemiological in- 
vestigations are yet available regarding the signifi- 
cance of this polymorphism for those exposed to 
parathione. It can be expected that homozygotes 
would be at higher risk for poisoning with relatively 
low exposures. With more massive poisoning the 
paraoxonase genotype presumably makes no differ- 
ence for the development of symptoms. 

Food. The best example of genetic difference in re- 
sponse to food is represented by adult hypolactasia. 
All human infants possess the intestinal enzyme lac- 
tase necessary for lactose absorption. In most human 
populations the intestinal lactase disappears after 
weaning so that most human adults are lactose intol- 
erant. A mutation allows persistence of lactose ab- 
sorption. This mutation presumably has a selective 
advantage in agricultural societies where cow mOk is 
available for nutrition. In central and northern Eu- 
ropean populations, most persons possess this muta- 
tion in either single or double dose. Lactose intoler- 
ance is caused by the lack of this gene and is inher- 
ited as an autosomal- recessive trait. The mutation 
for persistence of lactose absorption or lactose toler- 
ance is also common in some nomadic pastoralists 
in Africa and Arabia. Gene frequencies for persist- 
ence of lactase activity in some populations are dis- 
cussed in Sect, 14,3-1, Persons with lactose intolerance 
tend to develop flatulence, intestinal discomfort, and 
diarrhea on exposure to milk and other lactose-con- 
taining foods [83]. 



Some, but not all G6PD-deficient persons develop he- 
molytic anemia on eating fava beans [71]. Decreased 
urinary excretion of d-glutaric acid is a metabolic 
characteristic of patients with favism and may in- 
volve biotransformation to the toxic ingredient of 
the fava bean. The genetics of glutaric add excretion 
is as yet unknown. 

One source of genetic variation in susceptibility to 
environmental influences that should be explored 
much more intensively is heterozygosity for autoso- 
mal-recessive genes, leading in the homozygous state 
to inherited metabolic disease. The scattered evi- 
dence available to date suggests more widespread 
susceptibilities than have hitherto become known 
(Sect. 7. 2. 2. 8; [247]). Moreover, phenotypic manifesta- 
tions in the homozygotes and the nature of the en- 
zyme defects give useful indications as to where dis- 
ease liabilities of heterozygotes might be found. 

The interaction of environmental factors such as 
high fat intake with the various genetic factors pre- 
disposing to coronary heart disease is an unfolding 
chapter of ecogenetics [175 b, 175 c]. The clinical ex- 
pression of the less common monogenic conditions 
of lipid metabolism such as heterozygous familial 
hypercholesterolemia is presumably affected by 
diet, exercise, and smoking since coronary heart 
disease associated with this condition was less fre- 
quent in earlier generations as noted in pedigree 
studies (Sect. 6.4.2) [264]. However, even more 

moderate elevations of cholesterol and triglyceride 
- affecting a large fraction of the population - are 
likely to be the end result of genetic factors such 
as the cholesterol-raising apolipoprotein E4 allele 
interacting with dietary and other factors such as 
smoking and exercise. Various other lipid-related 
and other genes (such as those affecting high-den- 
sity lipoprotein, lipoprotein lipase, lipid absorption, 
triglyceride, and homocysteine metabolism) as well 
as variable levels of fat intake create a complex pat- 
tern of coronary artery disease risk in any given in- 
dividual. The relatively large number of lipid- related 
genes that are likely to affect the response to a 
given diet as well as likely gene-gene interaction be- 
tween these genes requires much work in genetic 
epidemiolgy. 

The gene for hemochromatosis is common in various 
European populations [34], About 1/500 of the popu- 
lation appear to be homozygotes and absorb iron at 
an increased rate, but only a fraction of homozygotes 
have symptoms. Fortification of bread with iron, as 
practiced in Sweden, has been recommended to pre- 
vent iron deficiency, which is a common condition 
in women and children. This should cause clinically 
apparent hemochromatosis to occur more frequently 
and earlier. The common heterozygotes (over 10% 
of the population) would probably not be harmed. 
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milial hypercholesterolemia. They are indicated by horizontal 
bars above the gene, sizes of some deletions {black blocks, 
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exons). Exons j introns, and Alu repeats are only approximate- 
ly to scale, {Modified from Goldstein and Brown in Scriver 
et al. 1989 [215]) (for description see Sect 7 - 6 - 4 ) 



Also, patients with thalassemia major who are ah 
ready iron loaded would suffer. The practice has 
therefore been resisted in some countries, although 
it would undoubtedly reduce iron deficiency. 

These considerations show the complex policy prob- 
lems posed by the existence of genetic heterogeneity. 
What is helpful to one segment of the population 
may be harmful to others. Furthermore, the exact sci- 
entific details of the extent of benefit and harm can- 
not always be fully specified. We can expect to face 
more of these problems as we learn more about ge- 
netic individuality. 



7.6 Mechanisms of Autosomal Dominance 

The basic mechanisms in autosomal- recessive dis- 
eases are usually enzyme deficiencies caused by 
structural mutations of the gene specifying the affec- 
ted enzyme. The affected enzyme can often be shown 
to be structurally abnormal or unstable (see 



Sect, 7,2,2) [74], Heterozygotes usually have 50% of 
normal enzyme activity but are clinically unaffected, 
indicating that one-half the normal enzyme activity 
is compatible with normal function. In contrast in 
autosomal- dominant inheritance the heterozygote is 
clinically affected, and the single dose of the mutant 
gene interferes with normal function. 

The mechanisms for autosomal- dominant gene muta- 
tions are much more heterogeneous than those de- 
monstrated for autosomal -recessive traits. For a long 
time the genetic causes and the bask pathogenetic 
pathways of most dominant diseases defied scientific 
analysis, and remained unknown. In recent decades, 
especially since the advent of recombinant DNA tech- 
niques, many of these pathways are being elucidat- 
ed. 

If a mutation causes a structural anomaly of the gene- 
determined protein, this may lead to a functional im- 
pairment in a heterozygote and therefore to a domi- 
nant disease, if normal function requires some kind 
of interaction between the products of the two alleles. 
Recessive inheritance ensues if the products deter- 
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mined by them are functionally more or less inde- 
pendent* This is the case in most genes determining 
enzyme proteins; therefore enzyme defects are usual- 
ly recessive* However, if allelic products must coop- 
erate to bmld a common structure > a defect in 50% 
of the molecules would make the entire structure de- 
fective* Therefore it is not surprising that dominant 
diseases have often been observed early to affect 
structural proteins [163], for example, receptors and 
membranes (Fig* 7*69)* 






7.6J Abnorinal Stibuitit Aggregations 

Dysfibrinogenemias (134800) [58]* A person with a 
dominant disease is a heterozygote* If such heterozy- 
gotes carry a protein mutation, there is a mixture of 
normal and mutant molecules if the protein functions 
as an aggregate of subunits. Presence of abnormal mo- 
lecules in a mixture of normal and abnormal ones may 
interfere with the proper formation of the aggregated 
proteins (Fig, 7.69), In some dysfibrinogenemias, var- 
ious mutations involving the fibrinogen molecules 
may lead to a bleeding tendency. In some mutant 
forms of fibrinogen the defects appears to be at loca- 
tions of the molecule that result in interference with fi- 
brin molecule aggregation. In fibrinogen Detroit an 
amino acid substitution at a site critical for conversion 
of fibrinogen to fibrin has been observed [32] and is 
associated with severe bleeding. While the quantita- 
tive level of fibrinogen is normal in most abnormal fi- 
brinogens, one fibrinogen defect is associated with 
lessened amounts of fibrinogen due to shortened mo- 
lecular survival, presumably caused by molecular in- 
stability [160]* Some genetically abnormal fibrinogens 
are associated with thrombosis* Most fibrinogen var- 
iants are not associated with clinical difficulties. 



7.6.2 Disturbance of Multimerk Protein Function 
by Abnormai Subunits 

Hemoglobin Diseases. Somewhat analogous mech- 
anisms in subunit formation appear to explain the 
various types of clinical abnormalities seen in the he- 
moglobin diseases* Since the functional hemoglobin 
molecule consists of four subunits produced under 
specification of two gene loci, heterozygotes form hy- 
brid molecules consisting of the normal and abnor- 
mal hemoglobin* (Hybrid molecules such as Hb 
cannot be demonstrated with the usual methods 
of hemoglobin separation such as column chromato- 
graphy and electrophoresis*) Depending upon the 
characteristics of the respective hemoglobin muta- 
tion, various manifestations such as methemoglobi- 
nemia, hemolytic anemia, and erythrocytosis may 



b 



Fig* 7,69 a? b* Diagrammatic structure of a polypeptide chain 
in normals and heterozygotes, a The individual is homozy- 
gous and produces only normal polypeptides, b The indivi- 
dual is heterozygous. Normal and abnormal polypeptides 
are formed in equal amounts* The polypeptide chain cannot 
be properly assembled 




occur in heterozygotes (Sect. 7*3). Because of the 
high degree of cooperation among the four hemoglo- 
bin subunits, an abnormality in only one of the four 
subunits, as encountered in a heterozygote for either 
an Hb a or Hb y 3 mutation, leads to loss of normal 
function for the entire molecule. For example, some 
mutations lead to amino add substitutions in regions 
of the a or ^ chains involved in contact between the 
four polypeptide chains within the tetramer* Such 
mutations may impair the heme-heme interaction ne- 
cessary for oxygen exchange* This leads to a relative 
oxygen shortage in the tissues, which is compensated 
by increasing the number of erythrocytes* 

In these cases, human mutations are dominant be- 
cause the resulting protein, to maintain normal func- 
tion, must undergo a functionally important interac- 
tion with a protein formed by the other allele* The 
amino acid substitution resulting from this mutation 
is located at a site necessary for this interaction* 
Functionally analogous amino acid substitutions 
could easily be responsible for other dominant muta- 
tions as well. 
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7.63 Abnormal Feedback Inhibition of Enzymes 
and Structuraliy Abnormai Enzymes 

Porphyria (176000}: Decreased Enzyme Activity 
[203], In the various dominant porphyrias {Ta- 
ble 7*2$ )j enzyme deficiencies affecting various steps 
of heme or porphyrin biosynthesis have been de- 
monstrated* In each case about 50 % of the enzyme, 
as in the usual heterozygous situation, has been 
found* The pathophysiology of this group of diseases 
has been best studied in acute intermittent porphyr- 
ia* Many patients with the characteristic enzyme de- 
ficiency of porphobilinogen deaminase have no 
symptoms of porphyria such as abdominal pain or 
neuropathy Symptoms are usually associated with 
markedly elevated activity of the enzyme d-aminole- 
vuiinic add (ALA) synthetase, the first and rate-lim- 
iting enzyme of porphyrin synthesis* In fact it was 
once thought that the primary lesion of acute inter- 
mittent porphyria is a regulatory defect causing over- 
production of this enzyme. ALA synthetase is in- 
duced by many drugs (for example, barbiturates, 
steroid hormones, and other chemicals) and is nor- 
mally repressed by feedback inhibition from heme, 
the end product of the biosynthetic pathway which 
includes porphobilinogen deaminase* The dimin- 
ished porphobilinogen deaminase activity in acute 
intermittent porphyria leads to less heme formation 
and to derepression of ALA synthetase, with in- 
creased ALA formation. Half the normal amount of 
the enzyme is not sufficient to allow optimal func- 
tion of the pathway, particularly when the pathway 
is stimulated by drugs such as barbiturates* In con- 
trast to other enzyme deficiencies, the mutation in 
acute intermittent porphyria affects a critical rate- 
limiting enzyme in a tightly regulated biosynthetic 
pathway 

It is likely that other unidentified environmental 
chemicals and metabolites also stimulate the pathway 
Such a mechanism would explain why only some per- 



Table 7*28* Enzyme defects in the dominant hereditary por 
phyrias 



Disease 

Acute intermittent 
porphyria 

Variegate porphyria 

Hereditary copropor- 
phyria 

Porphyria cutanea tarda 
Protoporphyria 



Enzyme defect 
Porphobilinogen deaminase 

Protoporphyrinogen oxidase 

Cop ropo rphy r i n oge n 
oxidase 

Uroporphyrinogen decar- 
boxylase 

Ferrochelatase 



sons with the enzyme defect develop clinical symp- 
toms* This principle of enzyme repression has been 
used for therapy. Hematin, as a source of heme, has 
been given to suppress ALA synthetase activity A 
documented decline in ALA and porphobilinogen 
production has been associated with clinical im- 
provements of acute intermittent porphyria. 

Increased Enzyme Activity in Gout. Increased enzyme 
activity due to a structural lesion of an enzyme with 
increased specific activity has been demonstrated as 
a rare cause of gout* Some patients have elevated 
amounts of phosphoribosylpyrophosphate synthetase 
activity [17]* Electrophoretic and immunochemical 
analyses have shown the enzyme in these patients to 
be structurally abnormal. These findings suggest 
that the primary defect in this condition affects the 
enzyme directly 



7.64 Receptor Mutations 

Receptors. On the surface of ceil membranes there are 
receptors for many hormones, neurotransmitters, 
and drugs* Many mutations affecting such receptors 
that are proteins must exist [39], but so far only two 
groups of receptor mutations have been studied in 
detail* 

One set includes X-linked receptor defects that lead 
to androgen resistance by failure either to bind dihy- 
drotestosterone to cell surfaces or inability to activate 
the nuclear binding sites of the hormone. The other 
set of receptor mutations affects cell binding by low- 
density lipoprotein (LDL) cholesterol [39, 104]* Cho- 
lesterol in the serum is carried mostly by the lipopro- 
tein LDL* A cell surface receptor (Fig* 7,70) exists in 
speciahzed structures known as coated pits on fibro- 
blasts and lymphocytes (and by inference in liver 
ceOs), which binds LDL to the surface of the cell and 
transports the LDL cholesterol complex into the cell 
by endocytosis. The LDL receptor binds only lipopro- 
teins carrying apoprotein B and apoprotein E (B/E re- 
ceptor)* Such receptor- mediated endocytosis is a uni- 
versal mechanism by which cells take up large mole- 
cules, each under the control of a highly specific re- 
ceptor. Following the movement of LDL cholesterol 
into the cell, cholesterol accumulation signals the 
cell to shut off further synthesis of LDL receptors; 
the LDL protein is degraded by cellular lysosomes* 
The binding of LDL cholesterol and its transport 
into the cell further decreases cholesterol synthesis 
by diminishing the activity of the rate-limiting en- 
zyme HMG CoA reductase* Cholesterol is esterified 
by the action of acyl-CoA: cholesteryl acyltransfer- 
ase* The nature of the signals that initiate these var- 
ious pleiotropic reactions is unknown. 
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Fig. 7.70 a. Cholesterol metabolism in the cell. LDL carries 
cholesterol (above right). LDL is bound by a receptor in a 
spine-edged pit which is then transformed into a spine-edged 
vesicle. Several such vesicles fuse to form an endosome, 
where LDL separates from its receptor. The receptor returns 
to the cell membrane. LDL is taken up by a lysosomej where 
enzymes degrade apoprotein B-100 into its amino acids and 
open the ester bonds of cholesterol ester. Free cholesterol is 
used for production of cell membranes, steroid hormones or 
cholic acids. The cell regulates its cholesterol level, a high 
cholesterol level having three different effects: i, the enzyme 
HMG-CoA reductase, the limiting enzyme of cholesterol 
synthesis, is inhibited^ 2, the enzyme AC AT is activated, 
which esterifies cholesterol for storage together with fatty 
acids; 3, synthesis of new receptors is inhibited by inhibition 
of transcription of the receptor gene. (Modified from Gold- 
stein and Brown 19S9 [105]) b Relationship between LDL 
concentration and typical age at myocardial infarction due 
to coronary atherosclerosis as a function of the number of 
LDL receptors on fibroblasts from normal subjects and from 
persons with heterozygous and homozygous forms of familial 
hypercholesterolemia* The number of LDL receptors per cell 
was calculated from experiments in which maximal LDL 
binding was measured at 4°C in actively growing fibroblasts 
deprived of LDL for 48 h. (From Goldstein and Brown 1977 
[1123]) 




Typical age for myocardial infarction 
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Familial Hypercholesterolemia. The cause of familial 
hypercholesterolemia (Fig. 7,68) is one of many differ- 
ent mutations at the same locus (chromosome 19) 
that affect LDL receptor function [118^ 239]. These 
mutations have been categorized in several classes as 
(a) no receptor synthesis, (b) defective transport to 
the cell surface after synthesis, (c) defective binding 
of LDL, (d) defective internalization, and (e) defective 
clustering in coated pits. As a result there may be 
complete absence or defective action of the receptor. 
About 1/500 persons in the general population are 
heterozygotes for familial hypercholesterolemia. 
They have one-half the number of normal LDL recep- 
tors and do not remove cholesterol at the normal rate 
from the circulation (Fig. 7.70). Elevated serum LDL 
cholesterol levels result with development of athero- 
sclerosis and premature heart attacks. About 50% of 
male heterozygotes show overt clinical manifestation 
of coronary heart disease around the age of 50 years 
(Sect, 6.4.2), It has become possible to stimulate the 
heterozygote's normal LDL allele to increase the 
synthesis of LDL receptors by the oral administration 
of bile sequestrants (e.g., cholestyramine) which re- 
move bile acids from the intestine [40]. This thera- 
peutic maneuver, together with drugs that are analogs 
for the substrate of HMG CoA reductase, which 
blocks cholesterol synthesis, allows normalization of 
cholesterol levels and prevent coronary heart disease. 
While bile sequestrants have been used for many 
years and appear safe, the novel enzyme inhibitors 
(statins) have now been used for 10 or more years 
and also appear safe. 

Homo zygotes for the receptor defect have no func- 
tional receptors and, because of their very high LDL 
levels, develop coronary heart disease and die in 
childhood or adolescence. Because of mutational het- 
erogeneity many “homozygotes” are really compound 
heterozygotes for two dilferent LDL receptor muta- 
tions. The severity of the clinical disease among true 
homozygotes and compound heterozygotes depends 
on the nature of the mutation that they carry Com- 
plete absence of LDL receptors causes more severe 
disease than lowered receptor activity due to defec- 
tive LDL binding. Homozygotes do not respond to 
drug treatment and require other therapeutic approa- 
ches. Liver transplantation was performed in one pa- 
tient to furnish normal LDL receptors, and this mark- 
edly reduced LDL cholesterol. Gene therapy has been 
attempted with indifferent results. 



7.6.5 Membrane Defects 

In some dominant diseases the mutation seems to af- 
fect cellular membranes. An example is hereditary 
spherocytosis (1S2900), a common type of hemolytic 



anemia in which the erythrocytes do not assume the 
normal disk- like, biconcave shape but show a more 
spheroid form. There is a decrease in membrane sur- 
face area and diminshed membrane lipids and a spe- 
cific increase in membrane permeability to sodium 
[126]. Spherocytes are eliminated from circulation 
by the spleen at an increased rate. The exact mem- 
brane defect affects the interaction of spectrin, the 
main component of the cytoskeleton of red cells, and 
other proteins to form a normally functioning cyto- 
skeleton [158]. Various mutations appear to be in- 
volved. 



7.6.6 Deposition of Abnormai Fibriilar Proteins: 
Hereditary Amyloidoses (104806-105250) 

A group of diseases known as the amyloidoses are 
characterized by the deposition of different abnormal 
fibrillar proteins with ^-pleated structure (for refer- 
ences see [22]}. Amyloid fibrils are amorphous and 
stain with Congo red. Classification of the amyloido- 
ses is based on the specific chemical composition of 
the characteristic fibrils (Table 7.29). Hereditary amy- 
loidoses are autosomal dominant conditions caused 
by missense mutations of various proteins such as 
transthyretin (formerly known as prealbumin), apoli- 
poprotein Ai, gelsolin, fibrinogen, and lysozyme. 
Electron microscopy cannot distinguish between the 
different biochemical types. Characteristic fibrils ap- 
pear to carry only the mutant protein although affect- 
ed patients (who are heterozygotes) synthesize both 
the normal and abnormal protein. 

The most common type, and best studied hereditary 
amyloidosis, is caused by mutations of the liver pro- 
tein transthyretin. The onset of clinical symptoms is 
in middle age or even later. The clinical findings re- 
late to deposits of the mutant transthyretin, Perlpher- 



Table7.29. Generalized systematic amyloidoses (from Ben- 
son 1995 [22]) 



Protein involved 



Hereditary amyloidoses 



Immunoglobulin amyloidosis 

Reactive amyloidosis (chronic 
inflammatory disease, familial 
Mediterranean fever) 

Renal amyloidosis (prolonged 
uremia or dialysis) 



Transthyretin 
Apolipoprotein A 
Gelsolin 
Fibrinogen 
Lysozyme 

Ig light chain and A) 
Amyloid A 



^2-niicroglobulin 



350 Gene Action: Genetic Diseases 



al neuropathy - often manifesting as carpal tunnel 
syndrome - is the most common clinical manifesta- 
tion. Autonomic neuropathy such as gastrointestinal 
dysfunction, postural hypotension, urinary retention, 
impotence, and hypohydrosis may occur. Cardiomyo- 
pathy and nephropathy are often seen. More than 40 
different transthyretin mutations have been describ- 
ed There is significant resemblance in the clinical 
pattern of a given mutation in affected members of a 
family. Homozygotes for some transthyretin muta- 
tions do not differ from hetero zygotes. For example, 
the isolencine 122 mutation found in 2 % of African- 
Americans is associated with cardiomyopathy in 
both heterozygote and homozygote elderly per- 
sons. 

The transthyretin molecule has a single chain of 127 
amino acids and functions as a tetramer. Since its 
DNA structure is known, diagnostic tests can be per- 
formed with DNA methods. If the transthyretin de- 
fect is unknown, direct sequencing (400 nucleotides) 
is required. If a known molecular defect is defined^ 
PCR or allele -specific oligonucleotide hybridization 
can be used for diagnosis. Transthyretin variants 
without clinical symptoms also exist. Since transthyr- 
etin binds thyroxin in the plasma, some of these 
polymorphisms are associated with hyperthyroxine- 
mia without hyperthyroidism. 

Gelsolin is a calcium-binding protein. Missense mu- 
tation of this gene that produce hereditary amyloido- 
sis have been described. While liver transplantation 
has been used as successful treatment for transthyre- 
tin-associated amyloidosis, this option is not feasible 
with the gelsolin variety, which is synthesized by 
muscle. 

Hereditary amyl old oses must be differentiated from 
the more common nonfamilial “immunoglobulin 
amyloidosis” which is sometimes seen in patients 
with multiple myeloma. A monoclonal immunoglo- 
bin peak is often found in serum and urine. “Reactive 
amyloidoses” occurs in chronic inflammatory disea- 
ses such as tuberculosis, osteomyelitis, and rheuma- 
toid arthritis and is caused by overproduction of the 
amyloid A protein. This type of amyloidosis is also 
often observed in familial Mediterranean fever, an 
autosomal recessive disease. 

Dominantly Inherited Alzheimer's Disease [27a, 161a, 
201, 243 a]. Dementia is a deterioration of mental 
abilities and has an organic cause. Usually short- 
term memory disappears first, followed by loss of 
long-term memory and the ability to understand 
new information. Other signs are loss of judgment 
and deterioration of language. The patient becomes 
disoriented and ultimately loses all cognitive func- 
tion. The histology of the brain is characterized by a 
large number of neurofibrillary tangles and so-called 



senile plaques, which consist of neurites with an 
amyloid core (Alzheimer 1907 [5I). 

Alzheimer's disease with onset in late life (past 65- 
70 years) shows some familial aggregation. Some ob- 
servers suggest that the family data can be fitted to a 
model of autosomal dominant inheritance if one as- 
sumes that the age of onset may often be very much 
delayed (to the late So s and 90 s) so that many indivi- 
duals would have died of other causes before they 
could manifest the characteristic dementia. Preva- 
lence increases continually with advancing age; at the 
age of 90 years al least 5 % of the population and about 
20% of first-degree relatives of patients are affected. 
Definite autosomal dominant inheritance has been 
demonstrated in kindreds with Alzheimer^s disease 
with relatively early onset (40^65 years of age). At 
least three different genes have been identified. Link- 
age studies have shown that rare families carry a 
gene on chromosome 21, More frequently, the Alzhei- 
mer's gene in families is mapped to chromosome 14. 
In yet another autosomal dominant variety of the dis- 
ease - among Germans in the Volga region - the gene 
is located on chromosome 1. The Alzheimer genes on 
chromosomes 14 and 1 have been cloned and resem- 
ble each other. 

Another development is the recent discovery that car- 
riers of the apolipoprotein E4 allele have a signifi- 
cantly increased risk for Alzheimer's disease, particu- 
larly among families with relatively late age of onset. 
Their risk of developing Alzheimer's disease is at 
least three or four times increased but much higher 
still in homozygotes. The mechanism by which 
the apolipoprotein A4 gene causes a higher risk is 
under investigation. 

The pathogenesis of Alzheimer's disease is under ac- 
tive study [27 a, 161a]. The localization of the amyloid 
precursor gene on chromosome 21, the localization of 
at least one Alzheimer's gene to chromosome 2i> and 
the high frequency of the characteristic neuropatholo- 
gy in trisomy 21 has suggested a mechanistic relation- 
ship between amyloid production and Alzheimer's 
disease. Much further work, however, is necessary. 

7.6J H€ritable Disorders of Connective Tissue 

This term was coined by McKusick [164] in a famous 
monograph for a number of hereditary diseases with 
predominant involvement of various connective tis- 
sues, most but not all of which show an autosomal 
dominant mode of inheritance. Examples include the 
various types of osteogenesis imperfecta, Marfan's 
syndrome, and Ehlers-Danlos syndrome. Studies at 
the gene -DNA and protein levels have now led to elu- 
cidation of their causes and, in part, pathogenetic 
mechanisms. 
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In osteogenesis imperfecta, many bone fractures oc- 
cur; in addition, blue sclerae and sometimes hearing 
loss are observed The various types of this disease 
(120160, 166210, 166220, and some others) have 
been explained by anomalies in the type 1 collagen 
[45-48]. Collagens are the most abundant proteins 
in the body. More than 20 genes code for them; the 
complete molecule, which is synthesized in many 
steps, is a unit of three chains wound around each 
other in a triple helix. Depending on the way in 
which various mutations interfere with this struc- 
ture, milder or more severe phenotypes ensue (Ta- 
ble 7.30) [48]. The mode of inheritance is usually au- 
tosomal dominant; this offers a good example of the 
principle discussed above: the protocollagen chains 
to be intertwined in this structure come from both 
alleles; both the normal and the mutated ones. This 
process is severely disturbed, and the end product 
is deficient if one-half of these chains are abnor- 
mal. 

In a few rare cases, a recessive mode of inheritance 
may be present. However, most instances in which 
two affected children have been born to healthy par- 
ents are due to germ cell mosaicism, which does not 
appear to be very rare [46, 47] (see Chaps. 9, 10). 



Anomalies in other collagens lead to a number of dif- 
ferent diseases. The various types of the Ehlers-Dan- 
los syndrome, for example, are caused by anomalies 
and defects of type III collagen or of enzymes in- 
volved in collagen formation (for details see [45]). 
Mutations affecting type II may cause, for example, 
the Stickler syndrome and achondrogenesis, while 
forms of epidermolysis bullosa have been traced to 
anomalies of type VII. 

Marfan syndrome (154700), an autosomal -dominant 
condition, is conspicuous by long limbs, “spider fin- 
gers,” laxity of joints, myopia, and skeletal anomalies. 
Weakness of zonula fibers in the eye often causes dis- 
location of the lens. A weakness of the elastic tissue 
in the aortic wall may lead to dilatation and aneurys- 
ma formation, with consequent dissection of the aor- 
tic wall und early death. This disease is caused by de- 
fects of the gene for another component of connective 
tissue, which has been named fibrillin [212]. The gene 
has been locaUzed to isqii.i [129, 130]; several mis- 
sense mutations and an occasional deletion have 
been described [242]. 

Myosin Genes and Dominant Hypertrophic Cardio- 
myopathy; Disturbed Interaction of a Mutationally 



Table 7.30. Osteogenesis imperfecta phenotypes and their molecular bases (from Byers 1989 [45]) 

01 Clinical features Inheritance Biochemical and genetic abnormalities 

Tyrpe 



I Normal stature, little or no deformity, AD 
blue sclerae, hearing loss in 50 %; 
dentinogenesis imperfecta is rare and 
may distinguish a subset. 



O Lethal in the perinatal period, mini- AD (new) 

mal calvarial mineralization, beaded 
ribs, compressed femurs, marked 
long bone deformity, platyspondyly 
(flattened vertebrae), 

AR (rare) 

III Progressively deforming bones, AD 

usually with moderate deformity at 
birth. Sclerae variable in hue, often 
lighten with age. Dentinogenesis 
common, hearing loss common. Sta- 
ture very short. 



Common: ‘nonfun ctionaP COLjAi allele 
Rare: Substitution for glycine residue in carboxy- 
terminal telopeptides of «|(I) 

Substitution for glycines in the triple helix in 

proa,(0 

Exon deletion in proa, (I) triple helix 

Common: Substitutions for glycyl residues in the tri- 
ple-helical domain of the adO chain and ^2(1) chain 
Rare: Rearrangement in the COLiAi and COL1A2 genes 
Exon deletions in triple -helical domain of COLiAi 
and COL1A2 

Small deletion in ^2(1) on the background of nuU allele 
Point mutations in the CO/jAj and COLiAi gene 



AR (uncommon) Frameshift ( 4 -bp deletion) in COL1A2 that prevents in- 
corporation of profi2(I) chains into molecules 

IV Normal sclerae, mild to moderate AD Point mutations in COLjAi and COL1A2 genes 

bone deformity and variable short Exon-skipping mutations in COUAz 

stature, dentinogenesis is common 
and hearing loss occurs in some. 



AD, Autosomal dominant; AR, autosomal recessive. 
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Altered Protein with Another Protein? Myosins are a 
group of proteins that, together with act ins, form the 
active tissue of the muscles of skeleton, heart, and 
other organs. They are determined by a gene family 
which has been localized to various chromosomes 
and analyzed directly at the molecular level, i. e., not 
starting with a genetic disease or a variant with a 
monogenic mode of inheritance - a new principle of 
genetic analysis that is being utilized in an increasing 
number of instances (Sect. 3.1.3*10). However, since 
this gene family has become known, one disease - 
hypertrophic cardiomyopathy - has turned out to be 
due to a mutation in a -myosin gene* This group of 
diseases affects about 1 in 5000 persons [11]* It is 
characterized by increased thickening of the heart 
muscle and often by arrhythmia, which sometimes 
leads to early death. Some young athletes with this 
anomaly have suddenly died during physical exer- 
tion. It may occur sporadically and for unknown rea- 
sons; in the families of many patients, however, an 
autosomal dominant mode of inheritance is ob- 
served* The condition is heterogeneous; linkage stu- 
dies have revealed mutant genes on chromosomes i, 
11, 14, and 15 [52, 257, 238, 249, 251]* The mutation on 
chromosome 14 proved especially interesting since a 
gene for the chain of the muscular protein myosin 
was known to be located in the very same area [97, 
125]. An increasing number of mutations (single 
base replacements) have now been identified. Quite 
a few of these cluster at amino acid position 403, in- 
dicating either a mutational hot spot, or a functional- 
ly sensitive site of the protein, or both* This site is lo- 
cated in the globular portion of the myosin molecule, 
which is important for interaction with act in, the 
other functional protein of muscles in muscular ac- 
tion. Impaired interaction between myosin and actin 
may well be the primary functional defect; muscular 
hypertrophy may he secondary as an attempt at com- 
pensation [249]* This is another way in which a mu- 
tation may have a dominant effect on the phenotype. 



disease of sheep and cattle; the disease is transmissible 
between these two species and may even be transmissi- 
ble between cattle and humans. This group of related 
diseases is the first example of an infection not by a 
known type of infective agent - such as a bacterium or 
virus - but by a specifically folded protein that induces 
the host protein to assume a specific - and pathogenic - 
folding structure. In a few individuals, this abnormal 
folding structure often is formed spontaneously if the 
protein has undergone a suitable change by a mutation 
(= autosomal- dominant type); in most instances, in- 
fection with the abnormally folded protein from out- 
side (humans or, possibly, animals) is necessary. An- 
other example is Kuru, which was observed in inhabi- 
tants of New Guinea who used to eat the brains of their 
deceased ancestors* As discussed in Sect* 4*1*6, differ- 
ent disease phenotypes have been described, depend- 
ing on a DNA polymorphism within the prion gene 
but at a site different from that of the point mutation 
leading to the disease [102]* 



Table 7*31* Some mechanisms of dominant disease 



Mechanism 

Abnormal aggregation of 
prolein subunits 

Disturbance of multi meric 
protein function by abnor- 
mal subunits 

Diminished feedback in- 
hibition by end product 
due to enzyme deficiency 

Cell receptor defects 



Cell membrane defects 

Deposition of abnormal fi- 
brillar protein in peripher- 
al tissue 



Example 

Abnormal fibrinogens 
Unstable hemoglobins 



Porphobilinogen deami- 
nase deficiency in acute 
intermittent porphyria 

LDL cholesterol receptor 
defects in familial hy- 
p ercholesteroiem ia 

Hereditary spherocytosis 
Hereditary amyloidoses 



Prion Diseases. The prion (protein infectious agent) re- 
lated protein (176 640) is a sialogiycoprotein that is nor- 
mally present but appears to be shaped into a different 
spatial configuration in response to infections with 
similarly shaped protein particles [61]. It aggregates ex- 
tracellular ly to form structures similar to those of amy- 
loid. The gene has been mapped to 2opi2-pter [164]* 
Mutations which may fold easily to form this abnormal 
structure have been described in the autosomal domi' 
nant form of Creutzfeld- Jakob disease (123 400), a pro- 
gressive degenerative disease of the brain with status 
spongiosus, neuronal degeneration, and correspond- 
ing symptoms with onset in adult age; in familial fatal 
insomnia; and Gerstmann-Straussler disease (137440)* 
The histology is identical with that found in scrapie, a 



Deposition of abnormal fi- 
brillar protein in the brain 

Structural deficiencies in 
ubiquitous and basic pro- 
teins 



functional defect due to 
impaired interaction with 
another protein 

Mutation In a homeobox- 
containing gene 

Germline mutation plus 
somatic mutation of allelic 
homologue 



Alzheimer disease 

Connective tissue anoma- 
lies such as in osteogenesis 
imperfecta, Ehlcrs-Danlos 
syndrome, Marfan syn- 
drome 

Hypertrophic cardiomyo- 
pathy due to mutation in a 
myosin gene 

Waardenburg syndrome 
Retinoblastoma (see text) 
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7.6.8 Dominantly Inherited Tumor Diseases 

Mutations of a tumor suppressor gene have often 
been observed. The classical example is retinoblasto- 
ma, the malignant eye tumor of young children. In 
addition to a dominantly inherited type with approxi- 
mately 90 % penetrance^ a nonhereditary type exists, 
A “tumor suppressor gene” is present in mutant 
form in all cells of individuals carrying the hereditary 
type. However, a malignant cell done is produced 
only if the normal allele on the homologous chromo- 
some happens to have a somatic mutation in one of 
its retinal cells. In the nonhereditary type, two somat- 
ic mutations - one mutation in each of the two alleles 

- are necessary to produce a malignant cell clone. 
Other tumors have been shown to follow the same, 
sometimes a more complicated, pattern. These pro- 
blems are discussed in greater detail in Chap. 10* 

General Remarks. Table 7.31 lists various mechanisms 
of dominant disease. Even some enzyme deficiencies 
such as Cl inhibitor deficiency causing hereditary an- 
gi oedema (106100) and antithrombin deficiency 
(107300) producing an increased tendency to venous 
thrombosis are inherited as autosomal- dominant 
traits. It is not clear why disease develops in these 
heterozygous enzyme deficiencies. The many domi- 
nant anomalies which are caused by disturbances in 
embryonic development, such as malformations of 
limbs (for example, hrachydactyly; Chap-4*i‘^)> are 
beginning to he elucidated. The examples given indi- 
cate that Mendeliau dominance may result from a 
variety of different mechanisms. Their elucidation 
will help to clarify many aspects of the genetic deter- 
mination of structure and function. Scientifically, 
this promises to be much more interesting than 
the simple one -gene/one -enzyme relationship often 
found in recessive metabolic diseases. It is of particu- 
lar interest that several intracellular enzymatic reac- 
tions can be disturbed by a single receptor mutation. 
Such biochemical pleiotropism offers an exciting 
model for the control of complex biochemical path- 
ways by a single gene. The basic lesions in the com- 
mon dominant diseases offer exciting scientific chal- 
lenges. 

Conclusions 

Genetics attempts to solve the problem of how genes 

- in cooperation with environmental factors - deter- 
mine the development and function of the organism. 
For this, functional defects found in hereditary dis- 
eases can be used as analytical tools. Enzyme defects, 
for example, often lead to recessive disease. Some 
variants of enzymes and proteins have deleterious 



phenotypic effects only if carriers are exposed to cer- 
tain drugs or other environmental agents. Dominant 
diseases may be caused by a variety of pathogenetic 
mechanisms. Human hemoglobin variants have been 
useful as tools in analyzing gene action and its dis- 
turbances. The immune system is an especially com- 
plex system; here the cooperation and interaction be- 
tween numerous genes has been studied in detail. In 
addition to its importance for theoretical understand- 
ing, the analysis of gene action offers clues toward 
the therapy and prevention of genetic diseases. 
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Gene Action: Developmental Genetics 

Order is heaven's first law. 

Alexander Pop6j (16S8-1744) 



8.1 Genetics of Embryonic Development 

Biochemical and molecular genetics has taught us 
much about the structure of genes and about the genet- 
ic control of enzymes and functional proteins. The les- 
sons regarding the genetic basis of embryonic develop- 
ment) however) have been much less satisfactory The 
genetics of development is only beginning to be char- 
ted on the map of our knowledge of molecular genetic 
mechanismS) but studies with methods from molecu- 
lar genetics are now starting to elucidate this field. 

As in other fields of molecular biology developmen- 
tal genetics often uses experimental organisms other 
than humans because human experimentation is sub- 
ject to obvious limitations. A textbook of human ge- 
netics cannot review the whole field. A broad outline 
is sketched below, indicating where observations on 
humans may contribute some additional information. 
Developmental genetics is historically based on clas- 
sical developmental mechanics (Entwicklungsmecha- 
nik) and developmental physiology which flourished 
in the first decades of the twentieth century based 
on the work of Roux, Driesch, Spemann, Kiihn, Wad- 
dington, and Hadorn. 

The Basic Problem of Developmental Genetics. The 
fundamental genetic problem during embryonic de- 
velopment is differentiation: how is it possible that 
groups of cells assume different functions despite 
the fact that they have identical genomes? Research 
in molecular biology has highlighted a number of 
mechanisms for regulation and differentiation of the 
activity of genes. We know, for example, that methyl- 
ation of certain bases in the DNA influences not only 
their rates of spontaneous mutation {Chap, 9) but 
gene action as well; methylation differences between 
paternal and maternal genomes lead to variable influ- 
ences on development of the embryo. Complex mod- 
els for gene regulation have been proposed theoreti- 
cally but for a long time, evidence of their appHcabO- 
ity has been slender or even nonexistent. The crucial 
question remains unanswered to this day: what cau- 
ses differences between cells of the early embryo, en- 
abling them to differentiate? The answer will prob- 



ably come not from considering merely DNA and its 
interactions with mRNA, and proteins. The structure 
of cells - especially cell nuclei and the spatial rela- 
tionships of chromatin and other components within 
these nuclei - will have to be considered [12]. 

We first discuss very briefly some general aspects of 
gene action and its regulation. We then present an 
overview of the phases of embryonic development in 
humans. This leads to the description of discoveries 
that have improved our understanding of embryonic 
development and its disturbances, such as alternative 
splicing, genomic imprinting, homeobox genes muta- 
tions, and the use of transgenic animals for research 
in developmental genetics. Finally, birth defects are 
discussed. In all of these discussions we return re- 
peatedly to aspects described in the earlier chapters 
on enzyme defects, hemoglobin variants, pathogenet- 
ic mechanisms in dominantly inherited diseases, and 
immunogenetics. 

Gene Action in Eukaryotes, Including Humans. The 
structure of the genetic material in eukaryotes, in- 
cluding humans, is described in Sect. 3.1 (Fig. 3.17}. 
Genes have an exon-intron structure; the regions in 
the base sequence where intro ns are removed from 
the primary mRNA transcript have specific DNA se- 
quences [45, 87]. Outside the transcribed sequence, 
at its s' end, and separated from it by a number of 
base pairs, we find the TATA box, a promoter se- 
quence which permits RNA polymerase to start tran- 
scription. A special signal helps the polymerase to re- 
cognize the coding DNA strand, avoiding transcrip- 
tion of the complementary strand. Farther upstream, 
DNA sequences are found that can bind to certain 
proteins, enhance transcription activity, and are 
therefore termed enhancer regions. This protein 
binding appears to play an important role for the reg- 
ulation of gene activities. Some general rules for such 
regulation have been worked out mainly in bacteria. 
While these principles are not directly applicable to 
the regulation of gene activity in higher organisms, 
they do provide simple models from which further 
exploration applicable to mammals and humans may 
start, TWo classical examples are presented below, 
one for negative and the other for positive control. 
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In bacteria some genes are active only when their 
specific activity is required. The classical example 
here is the lactose operon of E.coli [39], in which 
three closely linked structural genes are under the 
common control of such control genes. They become 
active when the substrate - in this case, lactose - is 
available as energy source. In addition to such ""nega- 
tive control,” there is also positive control; here tran- 
scription requires a special protein in addition to an 
open operator. 

Function of Regulatory Mechanisms. An important 
function for which bacteria have been selected during 
evolution is the optimal utilization of varying energy 
sources for growth. Control systems such as the lac- 
tose operon fulfill this function; bacteria use energy 
resources for producing lactose - cleaving enzymes 
only when lactose is available. Hence the feedback 
circle of negative control helps to channel energy 
into the most usefiil direction. It can be expected 
that during evolution from prokaryotes to highly 
complex mammals such as humans, a stepwise adap- 
tation to the increasingly complex problems of regu- 
lation and, especially, differentiation has occurred. It 
would therefore be logical in research to follow the 
lead of evolution: to investigate more and more com- 
plex biological systems, adding more and more com- 
plexity to the interpretive models, 

Britten and Davidson [7, 13, 14] have proposed such a 
model for gene regulation in higher organisms. Based 
on features of the regulation models in micro-organ- 
isms they have introduced logical extensions for the 
more complex regulation requirements in differentia- 
tion, Four kinds of genes are assumed: producer 
genes; receptor genes that are linked to producer 
genes and induce transcription under the influence 
of activator substances produced under the influence 
of integrator genes; and sensor genes serving as 
binding sites for agents, inducing specific activity 
patterns in the genome. During the more than 
20 years since this model was proposed, little pro- 
gress has been made in testing the theoretical frame- 
work, A few transcription factors have become 
known [45], and their binding sites at the DNA as 
well as binding proteins have been identified [88]. 
However, no one knows as yet how the entire net- 
work fits together, 

A number of aspects are discussed below, but we are 
not yet able to provide an integral view of genetic 
control of development and its disturbances. This 
problem remains a key issue problem in biomedical 
research. 

Alternative Splicing [88]. In our discussion of immu- 
nogenetics (Sect, 7,4), we have seen how functional 
diversity between cells can arise at the DNA level by 



gene rearrangements in which only a few genes from 
a wide array of possibilities end up in the functional 
cell. This principle has been identified in immuno- 
globulins and T cell receptors. It is well suited for 
cells which have highly specialized functions, but 
which must also maintain the ability for extensive 
multiplication [2]. Its shortcoming, however, is that 
genes are altered irreversibly. Many other specialized 
and terminally differentiated cells, such as cells in 
the brain, have lost their ability to divide. Here an- 
other mechanism has been established: alternative 
splicing. The genes themselves, and the pre-mRNA, 
are identical but the products of mRNA splicing dif- 
fer in cells with different functions. As in rearrange- 
ments at the gene level, alternative splicing increases 
the coding capabilities “of the genome by expanding 
the ability of genes to generate protein diversity” [2] , 
However, the regulation of diversity is shifted to the 
posttranscriptional level. This mechanism is very 
widespread in eukaryotes; it is even possible that it 
developed earlier than the ""normal” splicing mechan- 
ism. 

A early example is the peptide hormone calcitonin 
(Fig. 8.1) [1]. This hormone is found in the thyroid 
and the hypothalamus, where it occurs together 
with a very similar polypeptide, the calcitonin -gene 
related product (CGRP), This protein is identical to 
calcitonin over 78 amino acids but has 128 amino 
acids altogether. The sequence of both proteins is de- 
termined by the same gene, whose primary tran- 
script is processed differently: a complete exon is 
eliminated from the transcript that determines 
CGRP, and another part is added. This process pre- 
dominates in the hypothalamus but not in the thyr- 
oid, These studies have been performed in rats, but 
the phenomenon has also been confirmed in humans 
[ 2 ]. 

There are other instances that follow the same rules, 
an especially complicated and well-analyzed one 
being the a -tropomyosin gene [88], This protein has 
been found in no less than nine different molecular 
forms. Another interesting example is the mRNA for 
myelin basic protein in the mouse (Fig. 8.2). There is 
also an increasing number of examples in humans 
[2]. For example, the amino acid sequence difference 
between the cell wall fixed form and the free form of 
the immunoglobulin IgM is caused by alternative 
splicing. Other examples include the genes for the 
hormone somatotropin, fibrinonectm, y- fibrinogen, 
and many more. Looking at the secondary structure 
of the gene- determined proteins, we can often ob- 
serve that exons subject to alternative splicing deter- 
mine insertions in surface loops of the proteins. 
Here alternative splicing generates ""variants with dif- 
ferent site affinities and/or functions without disturb- 
ing the core structure of the protein. . . . Mutually ex- 
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aspects of this pathway a.re still hypothetical* but the genes 
and the end products (calcitonin and CGRP) are established, 
(From Amara et al. 19S2 [1]) 



elusive exons * * * seem to code for protein sequences 
that interact with other proteins” [2]. Alternative 
splicing is an effective means for creating differences 
in cell function. 

The structure of the interphase nucleus (Sec* 3,i,3,3) 
should be considered for a more thorough un- 
derstanding of differentiation* It has been shown, 
for example, that localization of chromosome do- 
mains may differ in cells with different, specialized 
functions [60]* This may influence gene action. 



Possible mechanisms are now under discussion 
[12]. 

The number of diverse mRNA species that are trans- 
lated in the early embryo is high; the pattern changes 
with the stage of development. Therefore, a large 
fraction of the genes seems to be necessary for early 
development* 

In echinodermsS the first stages of development until 
gastrula or even postgastrula development are deter- 
mined exclusively or predominantiy by the maternal 
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The four possible splicing variants are seen at the bottom of 
the figure, (From Knippers et al, 1990 l45l) 



genome: the zygote receives a pool of maternal 
mRNA which directs these early processes. Moreover, 
tRNA and ribosomes are also of maternal origin. Dif- 
ferent parts of the paternal genome are switched on 
at slightly different times. 

Investigations in the mouse give a slightly different picture 
[i 7 i 59]- Embryonic RNA synthesis starts as soon as the late 
two -cell stage. However, such analyses do not distinguish be- 
tween maternal and paternal genomes, and RNA production 
does not mean that protein biosynthesis occurs as well. This 
problem can be solved, however, if the father can be distin- 
guished from the mother by genetic markers. In this case 
the appearance of paternal markers m the embryo indicates 
the latest possible stage at which embryonic gene products 
begin to be formed. (It does not exclude the possibility that 
the maternal genome is turned on earlier.) Such studies have 
shown that some paternal markers, such as HPRT (see 
Sect. 72.2.6) and the HY antigen, first become visible at the 
eight- cell stage. Others, such as j^-galactosidase and ^-glu- 
cosidase, can be found as nearly as the fonr-cell stage, and 
at least one - the macroglobulin Fig. 5.15 - turns up even 

at the two -cell stage. Moreover, it has been shown that for 
the X-linked HPRT gene both parental genomes are active be- 
fore X- inactivation (Sect. 2.2 .3.3) since enzyme activity in fe- 
male embryos is twice that in males. 

Different Contribution of Maternal and Paternal Genotype to 
the Child’s Phenotype f As noted above, the paternal genotype 
is switched on early in development. This does not mean, 
however, that maternal and paternal contributions to the de- 



velopment of the young embryo are in fact equal, especially 
since the young zygote receives a large amount of maternal 
RNA. There are indeed biological phenomena that suggest a 
larger contribution from the mother. For example: If in a 
crossing between horse and donkey the dam is a horse and 
the sire a donkey, a mule results^ if the dam is a donkey, the 
offspring is a hinny, which looks much more like a donkey 
than the mule (see also [10]). 

Convincing data for this in humans were lacking for a long 
time. Some findings showed a stronger contribution of ma- 
ternal than paternal genotypes to ridge patterns of the finger 
tips, palms, and toes [47, 69]. Such data, however, were set 
aside as “difficult to interpret.^* Such data were excluded 
from the mainstream of thinking and conceptualization in 
human genetics because they did not conform to Mendelian 
expectations of equal contributions from the genotypes of 
both parents (except X-linked genes). The genetic theory 
founded on Mendefs paradigm is an excellent, strong theory 
with high explanatory power. However, as potentially the 
case with any good theory, it seduced scientists to neglect or 
"explain away” observations that seemed not to fit the para- 
digm. 



8.2 Genomic Imprinting [91] 

Differences in impact on the developing embryo be- 
tween maternal and paternal genomes have been 
named ""genomic imprinting ” This is not a fortuitous 
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term, as “imprinting” was introduced by the etholo- 
gist K* Lorenz [57] for the ability of animals to learn 
a certain behavior if the appropriate stimulus is pro- 
vided during a sensitive period of their early life* 
The term "^""genomic imprinting” was introduced to 
refer to quite a different biological phenomenon dur- 
ing embryological development than the behavioral 
imprinting studied by ethologists. Hall [34, 35] cites 
six kinds of observations to suggest its existence: 
(a) observations on the results of pronuclear trans- 
plantation experiments in mice, (b) triploid pheno- 
types in humans, (c) the expression of certain chro- 
mosomal disomies in mice and humans, (d) the phe- 
notypic expression of chromosomal deficiencies in 
mice and humans, (e) the expression of transferred 
genes in transgenic mice, and (f) the expression of 
specific genes in mice and humans. 

(a) Zygotes in mice with only paternal or only mater- 
nal genomes as a result of pronucleus transplantation 
show characteristic anomalies: those with only pater- 
nal chromosomes exhibit relatively normal develop- 
ment of membranes and placentas but very poor de- 
velopment of embryonic structures, whereas zygotes 
with only maternal chromosomes show much better 
embryonic development but very poor membranes 
and placentas. Therefore maternal and paternal ge- 
nomes are both necessary for normal development; 
their contributions are different. In humans, paternal 
disomy may occur, so that zygotes have only paternal 
chromosomes. The result is a hydatitiform mole - 
without embryonic tissue [55]. On the other hand, 
teratomas - which have all three embryonic germ lay- 
ers but no placental tissue - possess two haploid sets 
of maternal chromosomes [24]. (b) Human triploids 
with two paternal and one maternal chromosome 
sets have a large cystic placenta and a severely 
growth - retarded embryo with a number of anoma- 
lies. Embryos with two maternal sets have a small 
and underdeveloped placenta. These observations on 
embryonal tumors and on triploidies suggest an 
especially important role of the paternal genome in 
the development of placenta and membranes while 
the maternal contribution may be more important 
for the embryo proper, (c) Uniparental chromosomal 
disomies - with absent genetic contribution by one 
parent - have often been observed in mice. There 
are definite phenotypic differences, depending on 
the origin of the duplicated segment; moreover, dis- 
tortions of sex ratios among offtpring indicate a loss 
of zygotes by early embryonic death. Since identifica- 
tion of individual chromosomes has become possible 
with the help of DNA variants, cases with uniparental 
disomy have repeatedly been found in humans; these 
may show, among other clinical signs, intrauterine 
and postnatal growth retardation, mental retardation, 
and - in mosaics - asymmetric growth of trunk and 



limbs [73, 79]. For example, some patients with Pra- 
der-Willi or Angelman syndrome (see below) were 
shown to have uniparental disomy (d) In general, 
monosomies of entire chromosomes or even of their 
parts are tolerated very poorly; they often lead to ear- 
ly death of the zygote [18]. Nevertheless, there are 
some examples in which small deletions lead to char- 
acteristic syndromes (see Sect. 2.2.2), and these syn- 
dromes differ depending on whether the deletion 
comes from the father or the mother. 

Prader-Willi and Angelman Syndromes. Characteris- 
tics of Prader-Willi syndrome [68] include severe 
obesity with hyperphagia beginning in early child- 
hood, hypogonadotropic hypogonadism, small hands 
and feet, mental retardation, and a characteristic fa- 
cies (Fig. 8.3; 8.4). In some cases a visible chromoso- 
mal deletion exists [56], which was shown to come 
from the father [8, 46I, in other instances the deletion 
is so small that it can be identified only by molecular 
methods. Patients with Angelman syndrome [3] are 




Fig. 8.3. Child with Prader-Willi syndrome 




Fig. 8.4. Child with Angelman syndrome. (Both photos, cour- 
tesy of Dr.G.Tariverdian) 
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severely mentally retarded and have a characteristic 
facies {large mouth with drooling, prognathism, pro- 
truding tongue). In addition to bizarre atactic move- 
ments, they often laugh inappropriately (happy pup- 
pet syndrome). The condition is caused by deletions 
of the very same i5qii-i3 segment as in Prader-Willi 
syndrome except that it comes from the mother. The 
mechanism in either syndrome may not necessarily 
be a deletion. In some instances uniparental disomy 
has been discovered; in others point mutations exist. 
However, the association between the parental origin 
of the defect and the respective clinical syndrome is 
always maintained. 

There are a number of other syndromes in which par- 
ental origin may be important (see Table 2,7); espe- 
cially “contiguous gene syndromes” such as Miller- 
Dieker syndrome {17 p-; primarily paternal origin), 
di George syndrome (22 q-; maternal deletion), and 
cri du chat syndrome (5p-; paternal). As is shown in 
Chap, 10, an increasing number of cancers is being 
explained by loss of chromosomes and chromosome 
parts. Here, too, unequal participation of paternal 
and maternal chromosome losses has been described, 

TYansgene Expression. Regarding point (e) above 
(transgene expression), directly transferring genes 
into mouse embryos and studying their expression 
has become a powerful tool in developmental genet- 
ics. In about 25 % of these animals expression of the 
transferred genes in subsequent generations depends 
on the sex of the transmitting parent I34], In such 
cases nonexpression appears to be associated with 
methylation of the transgene (see Sect 9, 4) * 

As regards point (f), imprinting has been shown to ex- 
plain variation in the age at onset in certain hereditary 
diseases. The classical examples are Huntington dis- 
ease (143100) and myotonic dystrophy (160900; see 
Sect, 4.1,7), Both diseases are caused by a novel and un- 
ique mutational mechanism (amplification of a series 
of repetitive base triplets), and a progressive shift of 
the age at onset from later to earlier is sometimes ob- 
served in successive generations (anticipation). In 
both diseases the sex of the parent who transmitted 
the disease may determine the age at onset and the se- 
verity of the clinical manifestations. In 5 %-io % of fa- 
milies in which the Huntington disease gene is trans- 
mitted through the father, a severe, rigid, juvenile 
form of the disease is observed [70, 71], In io%-20 % 
of famOies in which myotonic dystrophy is transmitted 
maternally, a severe, hypotonic congenital form of the 
disease occurs [36]* In several other hereditary disea- 
ses such as in cerebellar ataxia, Beckwith-Wiedemann 
syndrome, familial glomus tumor, and retinoblastoma, 
imprinting has also been suggested. However, only a 
few hereditary diseases [62] have been examined sys- 
tematically. Hall 1 34] has drawn idealized pedigrees to 



show how pedigrees in which paternal or maternal im- 
printing occurs may appear (Fig, 8,5). 

Imprinting can be demonstrated more easily and de- 
finitely in mice than in humans. It is therefore a 
good strategy to search for regions of the human 
genome that are homologous to definitely imprinted 
sequences in the mouse by consulting the Oxford 
grid [62; 74], which charts linkage homologies be- 
tween mice and humans. For example, a distal region 
of chromosome 2 of the mouse is homologous to the 
region of human chromosome 15 involved in Prader- 
Willi and Angelman syndromes in humans. In fact, 
comparable phenotypic effects have been observed 
[9] in the two species, 

A study was designed to find out how widespread im- 
printing might be during embryonic development of 
the mouse [82]. The technique used was two-dimen- 
sional (iD) electrophoresis, which allows the sep- 
aration of a very large number of proteins on a sup- 
porting medium such as a large sheet of filter paper 
[44], The positions of the protein spots and their 
staining intensity which reflects the amount of pro- 
tein can then be studied. The entire spectrum of all 
gene-determined proteins at a specific phase of devel- 
opment can be investigated. 

Livers of mice from an inbred line give identical 2 D patterns 
and approximately 2000 spots can be visualized, 2 D analysis 
of the livers from the generation resulting from reciprocal 
crosses, (i, e., crossing males of strain A with females of 
strain B and vice versa) would be expected to give an identical 
pattern unless the parental sex influences the outcome of gene 
expression. Two inbred strains (DBA and C57BL) were crossed 
in this manner. The strains differ in about 200 protein spots. 
Differences between the offspring of these reciprocal crosses 
were observed in 11% of the "spots'" and point to imprinting. 
Imprinting may therefore be fairly common. Most differences 
were related to staining intensity of the spots and suggested 
different amounts of gene products depending upon parental 
sex. All findings were reproducible in repeated experiments. 
Transmission of the maternal form of the variant was more 
frequent than transmission of the paternal form. 

The basic mechanisms involved are under investiga- 
tion, It is likely that several mechanisms are involved. 
Differences in methylation of DNA bases have been 
advocated most frequently. Methylation of DNA, and 
especially of bases in critical regions such as CpG is- 
lands “upstream” of transcribed genes, appears to 
prevent such genes from being expressed; demethyla- 
t ion, on the other hand, appears to enhance their mu- 
tation rate (Sect, 9.4) In], Methylation has been stu- 
died extensively I42; 55], The type of methylation 
considered most commonly is that from cytosine to 
5-methykytosine (Fig, 9,22). Imprinting probably oc- 
curs largely during gametogenesis; differential im- 
printing inherited from parents must be erased in 
the germ cell lineage of each individual. 
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Fig. 8,5, Idealized pedigrees for mater- 
nal and paternal imprinting* An im- 
printed allele is transmitted according 
to MendeFs law but its expression is 
determined by the sex of transmitting 
parent. The terms '‘maternal” and 
‘‘paternal imprinting” are used to im- 
ply that there is phenotypic expression 
of the abnormal allele when transmit- 
ted from the mother or the father. 
Hence, there are a number of nonma- 
nifesting carriers, □, G gene carriers 
not manifesting the disease* (From 
Hall 1990 [34]) 
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What is the biological function of imprinting, if there 
is any? Here, only speculations are possible; for exam- 
ple, it may play an important role in maintaining sex- 
ual reproduction by avoiding the genetically detri- 
mental effects of parthenogenesis [79]* Another pos- 
sibOity is more elasticity during individual develop- 
ment: by using only one copy of particularly impor- 
tant gene, the other allele is kept ''in reserve” for cri- 
tical periods of rapid growth and cell duplication. 



83 Transgenic Animals 

and Mouse Teratocarcinomas 

83 J Transgenic Animals and Related Methods 

In recent years transgenic animals have become one 
of the most informative systems for the analysis of 
gene action [27, 28, 40]. The methods of gene transfer 
are described in Chap. 19. Suffice it to say here that 



transgenic mice are produced by injecting DNA into 
the nucleus of the fertilized oocyte before the male 
and female pronucleus have fused. The gene to be 
studied is integrated at random and is often expres- 
sed. This permits studying aspects of gene action. 
For example, the role of certain genes during normal 
embryonic development but also the role of genes in 
genetic diseases can be studied. An interesting appli- 
cation has been the analysis of specific single genes 
in transgenic mice as a first approach towards study- 
ing their contribution to the pathogenesis of more 
complex human diseases. Thus, atherosclerosis has 
been produced in transgenic mice by a variety of 
genes involved in cholesterol and lipoprotein metabo- 
lism. Another example of such research is the influ- 
ence of certain genes on regulation of normal and 
elevated blood pressure. The renin -angiotensin sys- 
tem is a key system for electrolyte homeostasis and 
blood pressure regulation. A mouse renin gene was 
introduced into rats; it led to hypertension, confirm- 
ing that renin may under certain conditions cause by- 
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pertension. In other studies human angiotensi nogen 
and renin genes were transferred into rats. These an- 
imals were then studied regarding the role of these 
genes in normal and abnormal blood pressure regu- 
lation [i% 64]. 

In many instances, however, it is more interesting to 
study phenotypic consequences of the loss of certain 
genes than the effects of additional genes. Here a 
technique for producing so-called """"knock-out” mice 
has been developed* The defective gene is introduced 
by a recombinational step which, at the same time, 
eliminates the normal gene. This cannot be achieved 
by direct DNA transfer to the fertilized oocyte be- 
cause spontaneous recombination is too rare* There- 
fore embryonic stem cells are explanted from the 
blastocyst* The genes to be studied are transferred, 
and the recombinant cells are selected by certain se- 
lection systems and are reimplanted into the blasto- 
cyst. Such an animal model has been constructed, 
for example, for cystic fibrosis [76]. Mice in which 
the CFTR gene {Sect 3. 1*3*9) was disrupted by such 
“gene targeting” showed many features of cystic fi- 
brosis, such as failure to thrive, meconium ileus, and 
alteration of mucous and serous glands. Such trans- 
genic mice may be reasonable models for studying 
pathogenic mechanisms and somatic gene therapy* 
However, in many instances the results with trans- 
genic mice and related techniques have been disap- 
pointing since the goal of reproducing a disease iden- 
tical to one found in humans was not realized. 
Results with transgenic animals are discussed in var- 
ious chapters of this book. However, such animals 
have been constructed not only for research purpo- 
ses; they are also starting to be used in the produc- 
tion of therapeutically valuable proteins, for example, 
in their milk* Sheep producing a ^-antitrypsin in large 
amounts are one example. This procedure has be- 
come popular as “pharming,” 



83.2 Mouse Teratocardnomas as Research Tools 
for Investigation of Early Development [38] 

Biochemical investigations at the cellular level on early stages 
of mammalian development are hampered by the scarcity of 
material* Many critical events take place in very small cell po- 
pulations, and cells at different stages of differentiation are lo- 
cated dose together* Recently it has become possible to cir- 
cumvent some of these difficulties by the use of mouse terato- 
carcinoma cells* Testicular or ovarian teratocardnomata oc- 
cur spontaneously or can be induced in a number of inbred 
mouse stains. These contain a wide variety of tissues corre- 
sponding to derivatives of the three embryonic germ layers. 
Teratocarci noma-derived cells can be obtained in cell culture; 
here they may grow and differentiate into several tissues. A 
number of cell lines of early embryolike cells have been es- 
tablished; when injected into mice, they may give rise to tu- 



mors containing a variety of differentiated ceil types. Such 
cells show many similarities to normal embryonic cells and 
are abundant. They can therefore be utilized as model sys- 
tems for various aspects of differentiation* 

Such studies have provided evidence, for example, of the com- 
mon occurrence of most mRNA species in early embryonic 
cells and in precursors of blood cells (myeloblasts), while glo- 
bin mRNA has been found in myeloblasts but not in early em- 
bryonic cells. Other experiments have shown both X chromo- 
somes to be genetically active in clonal cultures of undifferen- 
tiated female cells; inactivation of one X occurs together with 
differentiation. The system seems to be especially well suited 
for investigating the role of cell surface antigens in differen- 
tiation* The discussion on the major histocompatibility com- 
plex (MHC) in Sect. 5*2,5 mentions that such antigens may 
have a function in cell differentiation. Early embryonic cells 
have been shown to be completely devoid of the MHC H-a an- 
tigens (the mouse counterparts of the human HLA specifici- 
ties), Other antigens, however, are present on these cells, 

8.4 Later Phases of Embryonic Development 
Phenocopies, Malformations 

In later phases of embryonic development the differ- 
entiation of organ systems, extremities, head, and 
brain forms an organism. The occurrence of many in- 
herited abnormalities indicates complex genetic con- 
trol, These genetic mechanisms may be disturbed by 
a variety of external influences such as oxygen lack, 
ionizing radiation, infections with the rubella or cy- 
tomegalic inclusion viruses, and drugs such as thali- 
domide and ethanol. Knowledge of such teratogenic 
agents is important for preventing damage to the fe- 
tus. Details are not given here since, apart from pos- 
sible differential metabolism in the mothers and vari- 
able susceptibihty of the fetus to teratogenic agents, 
the subject of human teratology, although clinically 
important in the differential diagnosis of birth de- 
fects, is beyond the scope of this book. 

Indications for Interaction Between Genetic and Non- 
genetic Factors in Malformation Production. Since 
St* Hilaire (1832-1836) produced malformations in 
chicken embryos by inhibiting gas exchange by cov- 
ering the eggs with lacquer, many investigators have 
administered a variety of agents in the effort to dis- 
turb embryonic development. Most of these experi- 
ments have been carried out in the hope of obtaining 
more information on the mechanisms of normal de- 
velopment* These hopes were fostered by the obser- 
vation that phenotypes similar to those produced by 
gene mutation are sometimes obtained (phenoco- 
pies; Goldschmidt 1935 [26]). In general these studies 
have not fulfilled their expectations for an under- 
standing of birth defects and are not discussed 
further. 



Later Phases of Embryonic Development, Phenocopies, Malformations 369 



One aspect, however, is interesting: Some studies 
showed that genetic factors may be important even 
for induction of malformation by exogenous agents 
[54]. For example, the phenotype “rumplessness” 
which occurs as a genetic anomaly in certain chicken 
stocks may be induced in these stocks (but not in 
others) by a variety of chemicals such as insulin and 
boric acid. Likewise, cortisone often produces cleft 
lip and palate in a mouse strain in which this malfor- 
mation also occurs spontaneously in a certain per- 
centage of animals [54]* 

8AT The Development of Structure 

[ 15 , 25 , 43 , 61 , 66 ] 

After about 1 week of development, the upper and 
lower body ends of the embryo become visible, and 
a segmental structure develops; other signs of a 
more complex pattern appear in due time. Which 
genes are responsible for these processesj and how 
do they organize them? This had been an enigma for 
a long time> but a discovery in Drosophila has helped 
to solve it: the homeobox genes* A homeobox is a re- 
gion of 183 bp that encodes a domain of 61 amino 
acids which is able to bind to DNA. It is present in 
three major classes: bicoidj having a maternal effect; 
segmentation genes; and homeotic genes which regu- 
late proper development of structures in segments, 
such as limbs or antennae. Their activity has been 
analyzed; concentration gradients of mRNA from the 
anterior to the posterior pole of the larva determine 
the segments [15, 66] (see also [88] ), The homeodo- 
main is a peptide which> similarly to some bacterial 
repressor, fits into a turn of the DNA double helix 
(= helix-turn- helix motif}* Hybridization experi- 
ments on Drosophila DNA with the mouse genome 
had the surprising result that these areas were very 
similar in base sequence; apparently they had been 
preserved during evolution, probably over more 
than 500 millions years. This suggests an important 
- and very simOar - function* Meanwhile, more than 
30 homeobox genes have been localized and cloned 
in the mouse [43]. They are organized in four clus- 
ters, each spanning more than 100 kb. In Drosophila 
and probably also in the mouse, Hox sequences with- 
in one cluster are ordered in the same sequence in 
which they are used for gene action during embry- 
onic development Their pattern of action has sharp 
anterior expression boundaries (Fig* 8*6, 8*7) [29]; 
the posterior boundaries are less well delimited* 
These genes begin to be expressed during early gas- 
trulation; they are active during organogenesis, espe- 
cially in the neural lube but also in other organ sys- 
tems such as kidney, lung, intestine, thymus, and 
germ cells* In germ cells, their precise function is still 



unknown. In Drosophila alternative models for their 
mode of proteimDNA interaction have been pro- 
posed [37] * As mentioned, all of these gene-deter- 
mined peptides fit into the DNA double helix, form- 
ing a “helix-turn-helix” structure. Binding to the 
DNA requires an ATTA core sequence as found in 
promoters (Sect. 3*1*3) The strength of the binding, 
and therefore the degree of gene activation appears 
to depend both on the fine structure of the promoter 
and on the protein, as well. 

In addition to the Hox genes, other conserved DNA 
binding motifs have been discovered; the Pax 
(= paired box) and the POU Pit-i> octamer binding, 
Unc 86-proteins genes [33], Pax genes are also active 
in various parts of the murine brain. The POU do- 
main occurs in some regulatory proteins* A Pax mu- 
tant (undulated) was discovered in the mouse that af- 
fects the structure of the axial skeleton. Pax genes are 
generally much larger than Hox genes, and effects of 
mutations tend to be dominant; therefore mutant 
phenotypes can easily be recognized* This property 
qualifies them especially well for studies on genetic 
determination of development. 

Fig, 8,7 shows an autoradiogram of a mouse embryo, 
with the expression pattern of the Hox 2,2 gene. 

Syndromes Caused by Hox and Pax Genes in Humans. 
Homeobox genes have also been identified in hu- 
mans* Table 8*1 present an overview* Hox-7 is deleted 
(together of course with many other genes) in Wolf- 
Hirschhorn syndrome (del 4p-). A Pax (paired do- 
main gene; HUP 2) may be involved in Waardenburg 
syndrome {193500) [5], in which lateral displacement 
of the inner canthus of the eyes, a white forelock, 
and heterochromia of irises, together with cochlear 
deafness are the most prominent signs. Aniridia 
(106210) is another dominant disease involving de- 
velopment of the iris. A good candidate gene within 
iipi3 has been cloned; the predicted protein contains 
a homeobox and a paired box (Pax; HUP) [81]* More- 
over, genes for craniosynostosis {147620), Greig cra- 
ni op oly syndactyly syndrome (175700), and Gol- 
denhar syndrome 141 400) have been localized to yp, 
dose to, or not far away from, the Hox-i gene* Since 
they also involve development of the head, involve- 
ment of Hox or Hox-related genes is likely [20 a] . 

In conclusion, discovery and analysis of these genes 
is teaching us much about genetic determination of 
the gross organization of eukaryotes, including hu- 
mans* Moreover, it demonstrates a heuristic strategy 
that has been successful here: a group of genes - 
and a principle of gene action in morphogenesis - 
was discovered and analyzed first in an insect. Droso- 
phila. The genes were then analyzed in the mouse, 
and are now being studied successfully in humans* 
The broad principles of pattern development appear 
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Fig. 8.6. Anterior expression boundaries in the neuroecto- 
derm of the mouse. The indicated anterior borders reflect in 
principle the boundaries characterizing a gene at its major 
expression time (usually day 12.5 of gestation). Metameric 



to apply across all species, even if they are as distant 
as insects and humans. 

Timetable of Human Intrauterine Development To un- 
derstand prenatal development and its disturbances it 
is necessary to visualize the normal developmental 
stages and their timing (Fig. 8,8). The oocyte is ovula- 
ted at about the 14th day after day i of the menstrual 
cycle. A short time afterwards it is fertilized (day i of 
pregnancy). One day later the zygote divides; on day 
three the morula is formed. Days 4 and 5 see the de- 
velopment of the blastocyst, which migrates through 
the fallopian tube; it begins implantation in the uter- 
ine mucosa on day 6. Implantation is completed on 
day 10; the placenta starts developing. On day 15 the 
primitive streak becomes visible; during the following 
days the first structures of the embryo appear, among 
them the neural fold, which on day 21 develops into 
the neural groove - the predecessor of brain and spin- 
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al cord. On day 22 the heart begins to beat, and 1 day 
later primordia of ears and eyes are present Three 
pairs of branchial arches are visible on day 25, and 
on the following day the upper limb buds appear; the 
lower ones follow a short time later. On days 36-38 
the facial processes unite, and the face is formed. All 
essential external and internal structures - or at least 
their beginnings - are present by day 56. This is the 
end of the 8th week; the embryo is now 30 mm long 
(crown- rump length), and the fetal period begins. 
Birth normally occurs after 38 weeks of pregnancy, 

8.4.2 Birth Defects in Humans 

A small percentage of children are born with birth 
defects - mild or severe, single or multiple, Occas- 
sionally the primary causes are known or can be in- 
ferred, for example, when a chromosomal aberration 
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such as in Down syndrome can be found, or when 
pedigree data suggest a monogenic mode of inheri- 
tance* In some cases there is a definitive exogenous 
factor such as a rubeola infection or maternal alcohol 
abuse* In many more instances, however, one finds an 
aggregation of more or less similar cases within fa- 
milies that cannot be explained by a chromosomal 
anomaly, monogenic mode of inheritance, or exogen- 
ous factors* Here, such as in cleft lip/ cleft palate the 
model of multifactorial inheritance in combination 




Fig* 8*7* In situ hybridization of the Hox 2.1 gene in a sagittal 
section of a 2- 5 -day mouse embryo, Abovef bright field; beloWj 
dark ground- 5C, boundary of expression in the CNS; pv, 
boundaries of expression in the soniitic mesoderm, at the 
seventh prevertebra. (From Graham et al. 19S9 [29I) 



with a threshold often fits the data (Sect. 6*1*2), but 
despite some observations in animals which have 
shown the existence of true threshold characters 
{Sect* 6*1. 2,1) [32, 91], this model is too general More- 
over, many birth defects are completely unexplained 
single events with no evidence of either genetic or en- 
vironmental causes* In fact, interference with normal 
development on a completely random or stochastic 
basis is likely to occur occasionally considering the 
complex events during organ formation. All these 
problems have been discussed recently using conge- 
nital heart diseases as examples 122]; for other groups 
of birth defects similar rules apply. 

A group of scientists have tried to bring some order 
to the very heterogeneous group of birth defects by 
suggesting a number of distinctions, and proposing 
a unified nomenclature [78] (Fig. 8*9)* According to 
their proposal, a malformation is a morphological 
defect which results from an intrinsically abnormal 
developmental process. This should be distinguished 
from a disruption^ which results from the extrinsic 
breakdown of, or an interference with, an originally 
normal developmental process* A deformation is an 
abnormal shape or position of a part of the body 
caused by mechanical forces; a clubfoot caused by 
an oligohydramnion is an example* At the opposite 
end of the range of possible disturbances, dysplasia 
is an abnormal organization of cells into tissues* 

To distinguish among various ways in which multi- 
ple anomalies in a patient or in several affected fa- 
mily members, the following terms are suggested; a 
poly topic field defect is a pattern of anomalies de- 
rived from the disturbance of a single developmental 
field. What is a ''developmental field”? The “field” 
concept is very old but has been rejuvenated by 
Opitz [67]. Within a field the development of com- 
plex structures is controlled and ordered in time 
and space, and a set of embryonic primordia react 
identically to different dysmorphogenetic causes* It 
follows that such primordia must constitute a mor- 
phogenetically reactive unit under normal circum- 
stances* On the other hand, the field concept offers 



Table 8*1* Human homeobox genes 



Designation 


Localization 


Minimum number 
of Hox sequences 


Homology with 
mouse chromosome 


Remarks 


HOX-1 


7p21-pl4 


8 


1 


90 kb 


HOX-2 


17 


9 


11 


180 kb 


HOX-3 


12912-913 


7 


15 


160 kb 


HOX^4A 

HOX-4B 


2q3Dq37 

2q31-2q32 


6 




70 kb, hematopoiesis 


HOX-7 


4pl6*l 




5 


Deleted in Wolf-Hirschhorn syndrome (4p-) 


EVX-2 


2q 




9 


100 kb 


HOX-10 


14q24.2 




12 


Retina -specific expression 
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Fig- 8*8* Stages of development and 
timing of the early human zygote. 
(Modified from Hinrichsen's 
embryology textbook) 



a preliminary explanation for the observation that 
related malformations may occur as effects of the 
same cause “ as in families with an autosomal domi- 
nant mode of inheritance of various, but related 
types of congenital heart disease. Another example 
is trisomy 2 i, where a variety of heart anomalies are 
observed that can usually be traced to an anomaly 
of the endocardial cushion. 

Another concept is the "sequence'' (Fig*8*io): “it is a 
pattern of multiple anomalies derived from a single 
* * * prior anomaly or mechanical factor,” For exam- 
ple, a myelomeningocele may lead to lower limb pa- 
ralysis, muscle wasting, and clubfoot. A syndrome^ 
on the other hand, has been defined as “a pattern of 
multiple anomalies thought to be patho genetically 
related and not known to represent a single sequence 
or a polytopic field defect” Finally, an "association" 



is defined as the nonrandom occurrence of multiple 
anomalies that cannot be explained in any of the 
above ways, A logical means of diagnostic phenotype 
analysis based on these concepts has been suggested 
(Fig, 8,io); this can be combined with available ge- 
netic data in a more causally oriented analysis. Rules 
for genetic counseling can be derived [ 22 ]* Unfortu- 
nately, practical application of the results of such 
analysis for genetic counseling is often difficult un- 
less the cause of the birth defect can be established 
with certainty, such as a chromosomal aberration, a 
Mendelian defect, or an exogenous cause* In most 
cases of birth defects the exact etiology remains un- 
known. 

Another shortcoming in our ability to offer rational 
genetic counseling occasionally arises. Parents often 
ask about the genetic risk for their future children after 
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having lost one child with a birth defect. Here it is es- 
sential to know the specific diagnosis in the deceased 
child. Sufficient data are often not available; for exam- 
ple, chromosomes were not examined, and in particu- 
lar a competent postmortem study was not performed. 
This situation needs improvement. In some countries 
- for example, Hungary - the autopsy of deceased chil- 
dren is required by law. Everywhere, more expert fetal 
and neonatal pathologists are needed. 



For a better understanding of genetic mechanisms of 
normal development in humans, naturally occurring 
abnormalities may be helpful. Here, two genetic si- 
tuations have proven to be especially revealing i chro- 
mosome aberrations and genetic anomalies of sex 
differentiation. 
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8A5 Genotype-Phenotype Relationships 

in Human Chromosome Aberrations [13-20] 

Most monosomies lead to early embryonic death in 
the heterozygous state. This is not surprising since a 
number of gene products are present only once, and 
genomic imprinting may interfere with their expres- 
sion. The only monosomy for an entire chromosome 
which) in a fair proportion of instances, does not 
lead to embryonic death is X monosomy in Turner 
syndrome (Sect 2, 2,5,2), Most regions of one X chro- 
mosome are inactivated in normal XX women; there- 
fore the functional difference between the XX and the 
X states is small. 

More interesting) particularly for elucidating normal 
gene action during embryonic development, are the 
results in trisomy Clinical signs described in triso^ 
mies must not all be present in any one patient; often 
the findings are variable. Patients with trisomy 21 
{Down syndrome), for example, are all mentally re- 
tarded (albeit with differences in the degree of retar- 
dation)j but only about 40% have congenital heart 
disease. Here the concept of “sequence"" {see above) 
may be helpful for understanding: the basic anomaly 
is the abnormal endocardial “cushion,” which may 
or may not lead to a morphological defect. The cush- 
ion may be caused by an unusual stickiness of certain 
cells due to abnormal surface structures [53]. Still 
more important, however, is the fact that trisomy 
syndromes show a characteristic pattern of clinical 
signs. Some of these signs are more or less common 
to all trisomies, such as stunted growth and mental 
retardation. Others are not always present but are 
much more common than among chromosomally 
normal individuals; these include congenital heart 
disease, malformations in the genitourinary system 
and kidneys, and anomalies of the face. The latter, 
however, may be so characteristic that the experi- 
enced medical geneticist can diagnose the type of 
chromosomal aberration at first glance. Down syn- 



drome is the most obvious example, but the same is 
true for many other aberrations, (For a description 
of such patterns see [6, 72],) These must be ex- 
plained, and by their study we may also hope to learn 
more about normal development. 

The most obvious consequence of a trisomy is that a 
number of genes - those located in the trisomic area 
- are present not in duplicate but in triplicate. As- 
suming that there is no further quantitative regula- 
tion of expression, approximately 50% more of the 
gene -determined protein is formed; this expectation 
has been borne out in a great number of instances 
[18], especially in Down syndrome (Table 8,2), In 
this syndrome, however, activities of some other en- 
zymes are changed as well. The question arises: why 
does excess production of certain proteins or mRNA 
lead to severe disturbances in development? The an- 
swer often is heard that this excess leads to a distur- 
bance in regulatory equilibrium. While probably cor- 
rect, this answer is nevertheless much too general to 
provide clues that can be pursued successfully Speci- 
fically, what effects does the increased activity of 
genes have that are triplicated? Answering this ques- 
tion will provide only partial answers since mecha- 
nisms of a higher order are probably also involved. 
As a first step, however, this analysis may yield re- 
sults that provide clues for further analysis. So far, 
studies have been performed mainly on chromo- 
some 21 [20, 48a] (Fig. 8.11), 

While it is necessary to study human embryos and fetuses 
with chromosomal aberrations as carefully and completely 
as possible, studies on early human embryos are usually not 
feasible. Therefore animal models are of great help. Such a 
model does indeed exist: the distal part of the long arm of 
the mouse chromosome i6 is homologous to human chromo- 
some 21. This homology was confirmed by the presence of 
some genes that a found in both species and, by comparison, 
of DNA, Various mouse trisomies can be produced by a 
breeding scheme introduced by Gropp, Starting with a spe- 
cial mouse with many Robertsonian translocations (tobacco 



Table 8,2. Some gene dosage effects in trisomy 21 (modified from Epstein 1989 [19]) 



Gene Function Percentage of normal 

activity in trisomies 

CBS Cystathionine //-synthase activity in stimulated lymphocytes 1,61 

IPNRA Interferon a -bin ding to fibroblasts 1,57 

PFKL Phosphofructokinase activity in red cells and fibroblasts 1.46 

PRGS Phosphoribosylglycinamide synthase activity In fibroblasts 1 .56 



SOD 1 Superoxide dismutase-l activity in red cells, fibroblasts, platelets, lymphocytes, brain, L 52 
and granulocytes 

CD 1 8 Binding of antibody against LFA-1 //* to EBV"- transformed ^-lymphoblastoid cell lines 1 . 2 1 



“ Cell adhesion-associated antigen (116920). 
^ Epstein-Barr virus. 



Later Phases of Embryonic Development, Pheno copies, Malformations 375 




a) HSA 21 



b)MMU16 



Fig.Sni. Comparison of chromosome 16 of the mouse (MMU 
16) with human chromosome ii (HSA 21). Homologous 
genes are indicated* This mouse chromosome is conventio- 
nally subdivided into three Areas (A, B, C), Symbols such as 
Sod-i etc* designate genes common to these two chromo- 
somes* The area containing the homologous sequences is 
slightly bigger in mouse 16 than in human 21, (Courtesy of 
Dn W. Buselmaier) 



Table 8.3, Studies on growth parameters in trisomy 21 (from 
Krone and Wolf 197S) 

Increased proportion of fibroblasts with intermediate 
DNA content! suggestion of prolonged S phase 

Retarded rate of DNA synthesis in fibroblasts 

Significant increase of the population doubling time in 
fibroblasts; decreased of in vitro life span 

Increased population doubling time in fibroblasts 

Increased duration of and possibly of S phase in 
fibroblasts 

Decreased duration of cell cycle time in lymphocytes 



mouse; poschiavinus), a high fraction of trisomies can 
be produced. The mouse trisomy 16 shows many similarities 
with the human trisomy 21; interesting homologies have 
been shown not only in the external phenotype [18, ip] but 
also, for example, in anomalies of the heart and the great ves- 
sels [4]* Unfortunately, however, trisomy 16 mice die before 
birth; it is impossible to study later development. Very prob- 
ably the early death is due to triplication of that portion of 



chromosome 16 which is not homologous with the human 
chromosome 21* To study single triplicated genes in greater 
detail transgenic mice have been constructed. For example, a 
mouse containing, in addition, the gene for SOD 1 (superox- 
ide dismutase) has been used to study the additional activity 
of this enzyme [21]* Increased formation of by this en- 
zyme is toxic and contributes to the aging of cells* Studies 
using transgenic animals are expected to lead to further elu- 
cidation of disturbed pathways in development* 

Cellular Studies in Chromosome Aberrations. Many 
studies have claimed a higher susceptibility of tri- 
somy 21 cells to irradiation or chemical mutagens; 
some authors have tried to explain the unusually 
high incidence of leukemia in individuals with 
Down syndrome in this way. The resultSj however^ 
are contradictory; no dearcut picture has emerged 
so far [19]. 

How are cells with chromosome aberrations different 
from normal cells? [49, 50, 52] Cultured cells from a 
variety of chromosome aberrations - mostly from 
abortions ^ have been examined for cell cycle, cell 
morphology, histochemistry, and a number of immu- 
nological and biochemical characters* A cell strain 
with trisomy 7, for example, had among other anoma- 
lies a reduced capacity for formation of histotypical 
structures, low collagen production, poor glycogen 
content and acid phosphatase activity. In the cell cy- 
cle the period was found to be twice as long as in 
diploid cells [50]; the S phase was shortened [49]. A 
different cellular syndrome has been described in a 
cell strain with trisomy 14, A low growth potential 
and inability to form histotypical structures have 
also been found, but the biochemical characteristics 
are different; for example, acid phosphatase is low, 
and there is a high concentration of polysaccharides 
as measured by the PAS reaction [51]. Apart from 
trisomy 7, the phase is also prolonged in mono- 
somy 21 and trisomy 21. In trisomy 21, some other 
growth parameters have been determined, and a 
number of deviations from normal euploid cells 
have been reported (Table 8.3)* It is especially inter- 
esting that the cellular phenotype in triploidy turned 
out to be almost normal so that no “cellular syn- 
drome” could be established [52], Apparently the 
malformations observed in triploidy cannot be rela- 
ted to detectable anomalies of the cells themselves 
and therefore appear to be produced at a different le- 
vel of integration: placental insufficiency (For details 
see Sect 8*2.) 

Abnormal Phenotypes Due to Chromosome Aberra- 
tion and Gene Regulation. Regulation of gene activity 
during embryonic development presupposes a certain 
equilibrium in the quantity of gene products pro- 
duced by genes on different chromosomes. These 
gene products may act as enzymes or structural pro- 
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teins, or diey may have a regulatory function* for ex- 
ample, as repressors of the function of other genes* It 
is understandable that discrepancies in the amount of 
genetic material lead to disturbances in the interac- 
tion of genes and to regulatory defects in embryonic 
development. In triploidy the relative amounts of 
chromosome-specific material are undisturbed. 
Therefore anomalies at the cellular level are relatively 
minor. In trisomies, on the other hand, some chro- 
mosomal material is increased whereas other materi- 
al is present in normal amounts* If gene regulation 
requires interaction of gene products from different 
chromosomes, developmental anomalies at the cellu- 
lar level are to be expected in trisomies {and mono- 
somies) but not in triploidy. 

Examination the mechanisms by which these anoma- 
lies are produced requires systematic comparison of 
all steps in protein biosynthesis and metabolism be- 
tween normals and those affected with chromosomal 
aberrations. Studies of the effects of genes located 
within the trisomic {or otherwise modified) portion 
of the genome will probably not give the entire an- 
swer, but they may provide useful clues. Such studies 
offer good opportunities to improve our understand- 
ing of normal and abnormal embryonic development. 



8.5 Sex Differentiation and Its Disturbances 

Development of Sexual Dimorphism. The develop- 
ment of sexual dimorphism and sex characteristics 
is of special interest for the human geneticist. 

Four levels of sexual development can be distin- 
guished: 

1, Determination of the chromosomal sex (46, XX or 
46, XY) 

2, Determination of gonadal sex (ovary or testicle) 

3, Determination of phenotypic sex (female or male, 
internal and external sex characters) 

4, Determination of psychological sex 

The fourth level is discussed in Chap, 15 and the first 
in Chap, 3, Analysis of both numerical and structural 
chromosome aberrations involving the sex chromo- 
somes has yielded much valuable information not 
only on chromosomal sex (level 1) but also on deter- 
mination of gonadal and phenotypic sex (levels 2 
and 3), 

The gonadal anlage in the early embryo (up to the 5th 
or 6th week) shows no sex difference and does not 
contain germ cells. In humans, primordial germ cells 
become visible during the 3rd week of embryonic de- 
velopment in the ectoderm of the yolk sac. They then 
migrate under chemo tactic influence into the gonads. 
This migration is independent of sex; in appropriate 



experimental systems, female germ cells also migrate 
into male gonads and vice versa. The gonadal anlage 
may develop into either a testicle or an ovary (lev- 
el 2}. This direction normally depends on the pre- 
sence of the Y chromosome: a male gonad develops 
if one Y chromosome is present - regardless of the 
number of X chromosomes. 

The mechanisms by which the Y chromsome 
(Fig. 8,12, 8*13) determines development of male go- 
nads has long been controversial, and our present no- 
tions may not be final, but some aspects do appear to 
be relatively well-founded. 

The Role of the SRY Gene. Figure 8,12 shows the 
Y chromosome and its genes* A sequence of 35 kb, 
close to the border of the pseudoautosomal region, 
is essential for sex determination. Here the gene SRY 
is located [59, 75]* It contains a protein-binding motif 
and has been conserved through evolution. Its impor- 
tance for the male differentiation of gonads has been 
shown in the mouse [31] - especially by studies with 
transgenic animals: a 14 -kb genomic DNA fragment 
containing this gene was injected into freshly ferti- 
lized mouse oocytes. This led to male development 
of chromosomally female mice - a good example for 
the usefulness of transgenic animals for solving pro- 
blems of gene regulation [48]. The SRY gene is pre- 
sent in XX males (Sect, 2. 2,3,2) and is not found in 
XY females (unless they have testicular feminization 
due to defects of androgen receptors; see below)* 
Some autosomal genes are also involved in sex deter- 
mination [90]* Other genes formerly suspected of de- 
termining the male sex, such as the ZFY gene which 
codes for a zinc finger protein and the gene deter- 
mining the HY antigen, may have different - possibly 
supporting - functions, SRY belongs to a group of 
protein -binding genes which have a high -mobility 
group (HMG) box* Another member of this family is 
the gene for a protein required as cofactor of RNA 
polymerase-i for ribosomal DNA transcription [58], 
Binding of SRY is sequence specific (consensus se- 
quence AACAAT) and leads to binding of DNA, Since 
research in this field is proceeding very rapidly much 
more will be known soon* 

The third level, determination of the secondary sex 
characters, appears to be more complicated (and li- 
able to error). 

Development of Secondary Sexual Characteristics. So- 
matic sex dilferentiation follows the differentiation of 
gonads. The internal genital organs are formed from 
the mullerian and the wolffian ducts, both descen- 
dants of the primordial kidney. In the female, the 
miillerian duct develops into fallopian tubes and the 
uterus; the wolffian duct atrophies. In the male a 
wolffian duct forms the seminal ducts and seminal 
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Fig. Sai* The human Y chromosomes: functions and genes. 
Y functions: Sfflfure, statural determinant^ TP -i, -2, Turner 
phenotype prevention; XG blood group; TDJ^ testis de- 
termining factor; GCYj growth control, Yp influenced; AZF 
a, b, azoospermia factor; GBY, gonadoblastoma, Y- influenced; 
HYAt histocompatibility Y antigen* Y-genes: TSFRzRA, recep- 
tor for the granulocyte -macrophage colony-stimulating fac- 
tor; interleukin 3 receptor^ ANT^t ADP/ATP translo- 

case; hydroxy indole-O-methyltransferase (also 

known as ASMT: acetyl-serotonin-methyltransferase); XE7, 
gene for a nuclear protein of unknown function; MJC2, cell 
surface antigen involved in cell adhesion processes; SRY, sex 
determining region Y gene; isofbrm of ribosomal pro- 

tein S4, Y-linked; ZFYt zinc finger protein, Ydinked; TSPY 



gene family, testis specific protein, Y-linked; AMEL-Y, Amelo- 
genin; Ydinked; SMCX human homolog to a Y-chromosomal 
mouse gene; YRRM gene family, Y chromosome gene family 
with RNA-binding protein homology. Y pseudogenes: KAL- 
Y, Kallman syndrome pseudogene; STSE steroid sulfatase 
pseudogene; GSrP, pseudogene of a gene of unknown func- 
tion expressed from the X chromosome; TT221, interrupted 
Yq homolog of a gene of unknown function expressed from 
Xq; PBDYj a Y-specific duplication of PBDX, a gene spanning 
the pseudoautosomal boundary; ACTGP2, actin, gamma 
pseudogene 2; ADMLY, Y- chromosomal homolog of ADMIX, 
a gene of unknown function expressed from Xp; RVNPi, ret- 
roviral sequences NPz; ASSP 6 , ar gin i no -succinate-synthase 
pseudogene 6. (Courtesy of M. Kohler) 



vesicles* Under the influence of maternal human 
chorionic gonadotropin (HCG), the Leydig cells of 
the embryonic testicle produce the steroid hormones 
testosterone and 5 -di hydro testosterone. A hormone 
called miillerian inhibiting factor (MIF) is produced 
in Sertoli cells. These hormones meet bipotent anla- 
gen for external and internal sex characters: primarily 
wolffian ductSj miillerian ducts, and the urogenital si- 
nus. A normal male develops if all these elements act 
in time and in the right places. In their complete ab- 
sence, on the other hand, female sexual characters 
form. Hence, female development does not require 
any special promoting factors; it is “constitutive,” 
Minor disturbances at several levels of this system 
lead to incomplete male development despite a male 



genotype (male pseudohermaphroditism); analysis 
of such anomalies has taught us much about the nor- 
mal course of events* As Jost has put it: “Becoming a 
male is a prolonged, uneasy, and risky venture; it is 
a kind of struggle against inherent trends toward fe- 
maleness*” There are four cell lineages in the develop- 
ing human gonad [58]. They are bipotential, i. e., they 
may develop into either male or female cells. In addi- 
tion to the germ cells, they comprise the supporting 
cell precursors which develop into follicle cells in 
women and into Sertoli cells in men* Steroid-produ- 
cing cells develop into theca or interstitial cells in 
women and Leydig cells in men. Development of 
male germ cells has been often studied by analysis 
of genetic defects. 
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Genetic Control of Spermatogenesis: A Genetic Region 
on the Long Arm of the Y Chromosome [83-85]* In 
the euchromatic portion of the long arm of the 
Y chromosome (Yqii*22/23) a DNA sequence impor- 
tant for the production of mature sperm has been 
found. The first clue came from infertile patients 
with arrest of spermatogenesis who had chromoso- 
mal deletions in this area [80]* In recent years, this 
region has been thoroughly analyzed, and many pa- 
tients with deletions within this critical area were 
found to be infertile due to arrest of spermatogenesis 
but did not show any other striking clinical signs* In 
addition to deletions, other structural anomalies 
such as a dicentric iso-Yp, ring Y chromosomes, and 
translocations have been observed in sterile men* 
Analysis of the breakpoints allowed delineation of 
the critical area, which was termed the azoospermia 
factor (AZF) area. It is unknown as yet whether this 
area comprises one or more such genes. In testicular 
biopsies either immature spermatogonia and Sertoli 
cells or only Sertoli cells (Sertoli only syndrome) are 
found* AZF genes appear to act very early in gameto- 
genesis. At least two AZF genes have been suggested; 
one appears to be active at the time of spermatogo- 
nial development while the other is expressed at the 
pachytene stage of spermatocyte maturation [86], 
An interesting part of the AZF region is a repetitive 



sequence (pY6H65) which is present in several copies 
and appears to comprise a binding motif for proteins 
with a high molecular weight. Its significance is indi- 
cated by its conservation; it is also present in the 
mouse, and a very similar motif has been found with- 
in a fertility gene of Drosophila [84]. Again, as in 
homeobox genes (Sect, 8*4,1), a gene or genes impor- 
tant for development appear to have been conserved 
for at least 500 million years 1 

In addition to these regions of the Y chromosome, 
many genes are involved in the development of male 
sex characteristics and fertile germ cells. Here, again, 
the analysis of defects observed in certain patients 
has led to a better understanding of normal func- 
tion* 

Many different gene defects are known that lead to a 
disturbance in the differentiation of internal and ex- 
ternal male sexual characters. Anomalies occur, for 
example, in synthesis of androgens, lack of HCG, 
lack of HCG receptors in Leydig cells, and enzyme 
defects affecting the enzymes involved in testosterone 
synthesis. Anomalies may also be caused by lack of 
sensitivity to testosterone or 5-dihydrotestosterone 
due to receptor defects in cells of wolffian ducts or 
the urogenital sinus [30]* 

The pathways of steroid hormones and potential ge- 
netic blocks are shown in Fig* 8.14; the left-hand side 
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of this figure shows the defects (F and G) leading to 
adrenogenital syndromes (Sect. 7.2) in females but 
not to pseudohermaphroditism in males. The blocks 
under A (congenital adrenal lipid hyperplasia) are 
not very well known; in addition to their largely fe- 
male external genitals, these males suffer from severe 
salt wastage. The same holds true for block B. The 
blocks on the right side lead to male pseudoherm- 
aphroditism of various degrees without other mani- 
festations of the adrenogenital syndrome. 

An especially interesting enzyme defect not shown in 
Fig, 8,16 is the defect of 5a-reductase, an autosomab 
recessive trait. This enzyme normally reduces testos- 
terone in cells of the urogenital sinus to 5oc-dihydro- 
testosterone. If it is lacking, normal internal male 
sex organs (seminal vesicles; prostate) develop and 
the entire body, including muscular development, 
body hair, etc,, is male except for the external genita- 
lia, which upon superficial inspection are female. 
Hence the descriptive name of pseudovaginal peri- 
neoscrotal hypospadia (PPHS; 264600), 

These enzyme defects are rare. Other, more common 
syndromes exist in which androgens are normal, but 
the target tissue is completely or partially androgen 
resistant. 

Testicular Feminization Syndrome (316800) [30], At 
birth, affected individuals appear to be normal fe- 
males; the anomaly goes undetected during child- 
hood unless a testicle is discovered in an inguinal 
hernia. Affected persons with this syndrome have a 
male karyotype and male gonads; the term testicular 
feminization was coined by Morris (1953) [63], At 



puberty, primary amenorrhea and - in the majority 
of cases - absence or marked deficiency of axillary, 
pubic, and body hair is striking. In adults, the stature 
and proportions are normal for females, although the 
legs are often somewhat longer. Breasts are well de- 
veloped. The mean body proportions conform more 
to the present-day ideal of female beauty than to the 
proportion of the average woman; it is therefore not 
surprising that affected patients are found repeatedly 
among models. 

The vagina is usually shortened and ends in a blind 
pouch. Instead of a uterus some remnants of the 
miillerian ducts are often present; instead of the fal- 
lopian tube a fibro muscular streak may be found. 
Testicles are located in the labia majora, the inguinal 
canal, or in the abdomen and may show a normal or 
even increased number of the male hormone prod- 
ucing Leydig cells. Usually there is no spermatogen- 
esis, Occasionally, malignant tumors of the testicle 
develop. In addition to these complete cases, incom- 
plete ones occur who have reduced or even normal 
body hair. 

The patients secrete normal amounts of androgens, 
especially testosterone; normal male development 
would be expected. The most obvious explanation 
for the disease is an anomaly in end-organ response 
to the hormone, which had been postulated for 
many years. An X-linked androgen receptor defect in- 
deed was discovered [89], The psychological de- 
velopment of testicular feminization patients is en- 
tirely female; there is now evidence that interaction 
between androgens and androgen receptors in- 
fluences brain development, EEG, and behavior 
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Fig. 8.15. Testosterone and dihydrotestosterone pathways in- 
side the cell. - Three types of receptor molecules can be dis- 
tinguished (by their sedimentation in the sucrose gradient) 
with defined ion concentration: 8 S, 5 S and 4 S. After enter- 
ings the hormones are bound to the 8 S receptor^ forming 
the S S -hormone-receptor complex (HRC), The 8 S-HRC dis- 
sociates into a 4 S-HRC and into some - nonhormone form- 
ing “ subunits. The 4 S complex is transformed into 5-HRC* 
which is then transported into the nucleus. Testicular femini- 
zation may be the result of various ” complete and incom- 
plete - blocks within this system. (From Engel 1982 [16] } 



(Sect. 15,2,3,3), The mode of inheritance is X-linked; 
the gene has been localized to Xcen-q22. 

Interestingly, Patterson and Bonnier had concluded 
from pedigree information as long ago as in 1937 - 
at a time when assessment of the genotypic sex was 
impossible ^ that the patients are genotypic males, 
and that the mode of inheritance is either X-linked 
or sex-limited* Sporadic cases may be caused by new 
mutations; the selective disadvantage of the gene is 
strong, the patients being infertile. Therefore a high 
proportion of new mutants must be expected (Sect* 
9 ^ 3 )- 

Genetic Heterogeneity. Polypeptide hormones such as 
insulin are bound to membrane receptors of target 
cells* Steroid hormones such as testosterone, on the 
other hand, are bound to cytoplasmic receptors after 
having entered the cell by diffusion* Figure 8,15 shows 
the pathway of testosterone and dihydrotestosterone 
in the cell from its binding to the cytoplasmatic 8 S 
receptor to the 4 S receptor complex and to the 5 S re- 
ceptor complex and its movement into the nucleus* 
Most mutations leading to testicular feminization ap- 
pear to involve the 8 S receptor, but mutants affecting 
the 4 S- and 5 S complexes must be expected, and in- 



deed cases with testicular feminization and normal 
8 S receptor have been observed. In patients with in- 
complete testicular feminization and inter sexual gen- 
itals the 8 S receptor has been found to be diminished 
but not completely lacking. 



Conclusions 

One of the major riddles of nature is how a fertilized 
egg develops into an adult organism, with all its mul- 
titudinous characteristics* Since all cells have identi- 
cal DNA content, how is it that genes are turned on 
and off during development and tissue differentia- 
tion? In humans the development from zygote to em- 
bryo, fetus, and child has been well described, and 
many anomalies and birth defects are known* These 
may result from disturbances due to either exogenous 
(teratogenic agents) or endogenous anomalies, such 
as chromosomal aberrations or certain gene muta- 
tions, In many instances, however, their causes re- 
main unknown. The basic rules of anatomical and 
functional differentiation are not yet known, but this 
process can now be studied by the techniques of mo- 
lecular and cell biology. For example, the phylogene- 
tically conserved homeobox genes are a useful re- 
search tool* Studies on transgenic animals are espe- 
cially promising. Unequal contributions of maternal 
and paternal genomes to the developing zygotes 
(genomic imprinting) are beginning to explain a 
number of birth defects and, by implication, normal 
development* Elucidation of phenotypic abnormal- 
ities caused by chromosome aberrations has pro- 
duced some promising results and is expected to 
open new paths for future research* 
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Mutation: Spontaneous Mutation in Germ Cells 



believe than I am one of the most influential people living today, though I haven^t got 
a scrap of power. Let me explain. In / was the first person to estimate the rate of mutation 
of a human gene; and my estimate was not far out A great many more have been found 
to mutate at about the same rate since, ” 

B. S. Haldane, 1964, in BBC interview broadcast after his death less than one year later 



The most important feature of genes is their capacity 
to be reproduced identically from generation to gen- 
eration. However, evolution would never have been 
possible if no change in genetic material had ever oc- 
curred. Since there is good evidence that all living 
beings on our planet have a common origin, genes 
as the carriers of genetic information must have the 
capacity for occasional alterations. Such changes are 
indeed observed; they are called mutations. 

Animal and plant breeders since time immemorial 
had observed that inherited characteristics occasion- 
ally change, and that such changes are transmitted 
to following generations, Darwin was very much in- 
terested in these observations; he called them 
"^sports.” An example at the time was the so-called 
Ancon sheep^ a chondrodys trophic mutation which 
was popular since such sheep could not jump over 
fences. 

The term mutation was introduced by de Vries in 1901 
(see [7I) for sudden genetic changes in the plant Oeno- 
thera lamarckiana. In this species de Vries observed 
for the first time a sudden and genetically stable change 
in one individual under experimentally controlled con- 
ditions. Later, when chromosomes could be examined 
the relatively frequent mutations in this plant were 
shown to be due to a particular karyotype: the chromo- 
somes were connected end to end; they formed compli- 
cated patterns during pachytene, and centromeres 
were usually distributed in an orderly fashion during 
metaphase. This mechanism occasionally failed, pro- 
ducing what de Vries had called ''mutations,” 



9,1 Reappraisal of Genetic Variants 
That May Occur by New Mutation 

In experimental genetics the following types of muta- 
tions can be distinguished: 

a) Genome mutations involve alterations in the num- 
ber of chromosomes. Whole sets of chromosomes 
may be multiplied (polyploidy), or the number of 
copies of a particular chromosome may be in- 
creased (trisomy) or decreased (monosomy). 



b) Chromosome mutations (Sect, 2,2), The structure 
of chromosomes is changed, allowing microscopic 
detection. The total number of chromosomes is 
not altered, 

c) Gene mutations. Here no changes of chromo- 
somes can be detected microscopically; the muta- 
tion can be inferred from a change in the pheno- 
type by genetic analysis or can be detected by 
DMA studies. 

Analysis of human mutants at the protein and DNA 
levels has taught us much about the molecular nature 
of gene mutations. With these results and the devel- 
opment of new cytogenetic methods, the distinction 
of chromosome from gene mutation has become 
blurred. We know that deletions and insertions are 
possible at the molecular level, and that unequal 
crossing-over might alter micro structure [70]. At the 
same time, new techniques have made it possible to 
detect previously undetectable chromosomal rearran- 
gements. However, chromosomal alterations visible 
by classical cytogenetic methods, including banding, 
involve sizeable alterations that differ by orders of 
magnitude from changes such as deletions of a struc- 
tural gene. The categorization into structural chro- 
mosomal aberrations and gene mutations is therefore 
useful for practical purposes. 

Cells in Which Mutations May Occur, The localization 
of genetic alterations is of prime importance. Muta- 
tions may occur either in germ cells or in somatic 
cells. Germ cell mutations can be transmitted to indi- 
viduals of the next generation and are usually found 
in all ceOs of the affected offspring. Somatic muta- 
tions are found only in the descendents of the mutant 
cell, making the individual a ''mosaic. Phenotypic 
consequences are observable only if the mutations 
happen to interfere with the specific functions of the 
affected cells. 

Mutation Rates. One of the most frequently used 
parameters in mutation research is the mutation 
rate, which is defined in humans as the probability 
with which a particular mutational event takes place 
per generation. It has become customary to define 
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mutation rates as the rate at which a new mutation 
takes place in a fertilized germ cell per generation. It 
should be kept in mind that an individual is formed 
by two germ cells. For discussion on somatic cell mu- 
tation rates, see Chap. lo. 



9*2 Genome and Chromosome Mutations 
in Humans 

9*2.1 Mutation Rates 

Methods Used. The direct determination of mutation 
rates requires assessment of the incidence of those 
cases with a trait or disease in the population in 
which parents and other family members are unaf- 
fected (sporadic cases). Since the late 1950s, when 
the fust chromosome aberrations in humans were 
discovered, it has become obvious that the mutation- 
al events causing genome mutations must occur 
much more often than gene mutations leading to 
hereditary diseases. An exact assessment of chromo- 
somal mutation rates became possible when Court 
Brown initiated investigations on unselected popula- 
tion samples, such as consecutive series of new- 
borns. The calculation of the mutation rate is sim- 
ple: 

_ Number of sporadic cases with a certain anomaly 
^ 2 X numbers of individuals examined 

This is the so-called direct method, and it can be ap- 
plied both to single gene determined traits and to 
genome and chromosome mutations. 

When based on series of newborns, this estimate 
should be qualified: it is confined to mutations whose 
carriers survive up to the time of birth. In humans as 
well as in other mammals, however, the great major- 
ity of genome and chromosome mutations are lethal, 
leading to death of the zygote during embryonic life. 

Incidence and Mutation Ratesr Genome Mu fan mis 
[94]. Incidences of sex chromosomal and autosomal 
abnormalities as estimated from studies on newborns 
{Tables 9.1, 9.2; see also [95]). Many of these cases, 
with the exception of Turner syndrome and some 
mosaics and translocations (Chap. 10) originated by 
nondisjunction during one of the two meiotic divi- 
sions in one of the parents' gonads. These are new 
mutants. Table 9.3 provides mutation rate esti- 
mates. 

The lower values for trisomies 13 and 18 than for tris- 
omy 21 are falsely low because many fetuses affected 
with trisomies 13 and iS are eliminated during em- 
bryonic lifej placental mosaicism apparently enhan- 



Tabk 9.1. Incidence of sex chromosome abnormaEties in po- 
pulation samples of newborns (from Nielsen and Sillesen 

1975 [94]) 



Karyotype 


Total 


Rate/ 1000 


47,XYY 


^;i35 


asi . 


^ 1.02 


47,XYY mosaics 


0.20 


47,XXY 




0.96 


1 1.13 


47,XXY mosaics 


0.17 


d 46, XX 


2 


0.06 




d 45,X/46,XY 


1 


0.03 




46,X,inv(Y) 


9 


0.26 




45, X 


2 


0.10 . 


|0.39 


45 ,X, mosaics 


6 


0.29 J 


47, XXX 


'^24 
4 \ 


0.98 


US 


47, XXX mosaics 


0.20 



Population samples 9 20 370, d 34 379, 9 + ^ 34749 



The samples came from Edinburgh (UK), Ontario (Canada), 
Winnipeg (Canada), Boston (USA), Moscow (Russia), and 
Arhus (Denmark). 



Table 9.2, Incidence of autosomal abnormalities (genome 
and chromosome mutations) in 54749 newborns (from Niel- 
sen and Sillesen 1975 [9Sl) 



Karyotype 

47,+ 13 
47,+ 18 
47, + 21 

47, + marker chromos. 
47, + marker, mosaics 
Deletions 
Inversions 
D/D translocations 
D/G translocations 
Reciprocal translocations 
Unbalanced Y-autosomal 
translocations 



Total 


Rate/1000 


3 


0.05 


8 


0.15 


63 


1.15 


12 


0.22 


5 


0.09 


5 


0.09 


7 


0.13 


43 


0.79 


U 


0.20 


47 


0.85 


2 


0.04 



ces their chance of survival [62]. (For a discussion of 
the problem of chromosome aberration in abortions, 
see Sect. 2.2.4). 

Incidence and Mutation Rates: Chromoson^e Muta- 
tions. The incidence of structural autosomal chromo- 
some abnormalities may be taken from Table 9.2. The 
surveys on which these figures are based used con- 
ventional orcein staining. More recent studies with 
banding methods have yielded slightly higher fre- 
quencies, particularly of inversions but also of ba- 
lanced reciprocal translocations, but the numbers 
are relatively small [46]. The cases with deletions 
may be considered to be due to new mutation, giving 
a mutation rate estimate of 4.57 x 10“^ for the various 
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types of translocations. Table 9,2 does not show how 
many occur de novo; therefore no mutation rate esti- 
mate can be derived from these data, Jacobs et aL 
[S7> 5S] estimated the following mutation rates from 
more limited data: 1,9 x 10“"^ — 2,2 x 10“^ for all ba- 
lanced rearrangements (translocations and inver- 
sions) together, 3,24 x lo"^ for unbalanced Robertso- 
nian translocations, and 3,42 x 10"^ for unbalanced 
non- Robertsonian rearrangements. These mutation 
rates are defined for those “that survive long enough 
to give rise to clinically recognized pregnancies,” 
i, e., including recognized abortions. These data are 
of interest since structural chromosome aberrations 
in newborns are likely candidates for future popula- 

Table 9,3, Mutation rates for genome mutations observed in 
newborns (from Nielsen and Sillesen 1973 [94I) 

Condition Calculation Mutation rate 



tion monitoring programs regarding a potential in- 
crease of the mutation rate due to mutagenic agents 
such as ionizing radiation. It would be interesting to 
have mutation rates for single^ specific translocations. 
As shown by studies using DNA polymorphisms, new 
mutations leading to chromosomal rearrangements 
(de novo chromosome mutations), including X- auto- 
some translocations, appear to originate mainly If 
not exclusively in male germ cells [18, 123, 124], Zy- 
gote loss is still higher with advancing pregnancy, as 
shown by the higher frequency of Down syndrome 
at the time of chorionic villus sampling, than that ob- 
served of amniocentesis some 5-6 weeks later (Ta- 
ble 9.4). 

Mutation rates for both genome and chromosome 
mutations are higher when calculated from amnio- 
centesis data, indicating that fetal loss between the 
time of amniocentesis (i6th-i7th week of gestation) 
and birth is considerable [54, 127]. 



Sex chromosome trisomies 




XX Y including mosaics 


39 

2 x 34 379 


5.67 X 10 


XXX 


24 

2 X 20 370 


5.89 X 10 


XXY and XXX together 
(X nondisjunction) 




5.8 X 10-^ 


XYY, including mosaics 
(Y nondisjunction) 


35 

2 X 34379 


5.09 X 10' 


Autosomal trisomies 






47, + 21 


63 

2 Tx 54 749 


5.8 X 10-' 


47,+ 18 


8 

2 x 54749 


7.3X 10 ' 


47, + 13 


3 

2 x 54 749 


3.7X 10 ^ 



9.2.2 Nondisjunction and the Age of the Mother 

Statistical Evidence, In Down syndrome an increased 
risk with advancing age of the parents has been 
known for many years. Figure 9,1 shows the relative 
incidence in different age groups of mothers. The 
risk changes little up to the age of 29 but rises stee- 
ply beginning with the age group 35“39, The popula- 
tion incidence of Down syndrome is therefore expec- 
ted to vary with the age of the parents. Table 94 
gives an idea of the absolute risk in different age 
groups of women, as accepted until recently. Experi- 
ence from amniocentesis and CVS in women aged 
above 35 indicates that these estimates for risks of 
trisomy 21 are too low (Table 94), The difference, 
which is still more marked for trisomies 13 and 18 



Table 94. Risk of Down syndrome in relation to maternal age at delivery (live birth figures calculated for specific years) at arn- 
niocentesis and at chorionic villus sampling 



Maternal age 


At birth 


Following amniocentesis" 


Following chorionic villus sampling^ 


Down 

syndrome 


Down 

syndrome 


All chromosomal 
aberrations 


Down 

syndrome 


All chromosome 
aberrations 


30 years 


1/700 


NA 


NA 


NA 


NA 


35 years 


1/450 


1/250 


1/115 


1/240 


l/llO 


37 years 


1/250 


1/150 


1/80 


1/133 


1/64 


39 years 


1/150 


1/100 


1/50 


1/75 


1/37 


41 years 


1/80 


1/60 


1/35 


1/44 


1/21 


43 years 


1/50 


1/35 


1/20 


1/23 


1/12 


All ages 


1/650 


NA 


NA 


NA 


NA 



NA, Not available, 

® From Harper 1984 [49]; data from Sweden, Australia, and Wales (UK). 
^ From Wilson ef al, [148J, 
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Fig* 9.1* Incidence and confidence intervals (95%) 
of Down syndrome among newborns. (Data from 
upstate New York, 1963-1974; Hook and Chamber 
1977; 933 cases among 1729909 live births) 



[54] j is explained mainly, if not exclusively, by fetal 
death after CVS or amniocentesis. Nevertheless re- 
cent data indicate a true increase in the risk of 
having a trisomic child for mothers 35 years old and 
older. 

Some amniocentesis data seem to show a certain lev- 
eling off of the increase in risk of trisomies in the 
oldest age group {mothers aged 46-49)* However, a 
comprehensive study failed to confirm this effect 

[55] . 

The ages of mothers and fathers are obviously corre- 
lated: older wives tend to be married to older hus- 
bands* Therefore it is not immediately obvious 
whether an increased risk with parental age can be 
traced to fathers, mothers, or both parents* In Down 
syndrome, Penrose {1933) [100] showed the increase 
in risk to he due exclusively to the mother^s age. For 
150 cases in which both the maternal and the paternal 
age was known he calculated the following partial 
correlation coefficients: 



a) Between maternal age and incidence of Down 
syndrome (keeping paternal age constant): 
r = +0*221* 

b) Between paternal age and Down syndrome: r = 
--0*011* 

The partial correlation techniques permits one to de- 
termine the correlations between two variables after 
the influence of the third had been statistically elimi- 
nated. 

Cytogenetic data seem to trace about 20 % of triso- 
mies 21 to nondisjunction in the paternal germ line* 
This raised the question of whether, in addition to 
maternal nondisjunction, there is a (small) increase 
in risk with paternal age* The once heated discus- 
sion came to an end when absence of a paternal 
age effect was shown even in patients in whom the 
supernumerary chromosome 21 was identified as of 
paternal origin based on cytogenetic criteria [53]* A 
large series (200 trisomy 21 cases) [4, 53] used DNA 
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markers, and demonstrated that 90-95 % of the extra 
chromosomes 21 were of maternal origin. Determi- 
nation of parental origin by cytogenetically identi- 
fied chromosome heteromorphisms in the same 
cases had led to wrong inferences regarding parental 
origin in several instances. Cytogenetic interpreta- 
tions are more subjective and may lead to wrong 
conclusions compared with the defmite data using 
DNA markers (See Sect. 9.2.3). A high frequency of 
maternal nondisjunction was also shown in tri- 
somy 18 [71], 

Higher Risk in Children of Very Young Mothers? It has 
been claimed that Down syndrome also occurs more 
frequently in children of very young mothers. The 
evidence^ however, is controversial. In the older lit- 
erature the most reliable series showed a decreased 
frequency for age groups under 20 years in compari- 
son to the 20-24 age group. Some series from Cana- 
da, Sweden, and Denmark report a somewhat higher 
incidence in the lowest age group than in the next 
group [73]. Figure 9.1 shows this increase especially 
for mothers aged 17-18 years or younger. 

Penrose [102] examined the absolute frequencies of 
trisomic children in relation to maternal ages. Fig- 
ure 9.2 compares frequencies in different age groups 
for trisomies 21, 18, 13, XXY, and XXX with the mater- 
nal age distributions in four representative popula- 
tions. Contrary to the distribution in the general po- 
pulation, which is dearly unimodal, the distribution 
among mothers of trisomy cases suggests bitangenti- 
ahty This finding fits the hypothesis of a mixture of 
an age-dependent and an age- in dependent group, a 
conclusion supported by other evidence (Sect. 9,2.4). 

Age-Specific Rates in Trisomies, Figure 9,3 shows the 
effect of maternal age on all clinically recognized 
pregnancies involving different trisomies (trisomy 
among liveborn children and spontaneous abor- 
tions), assuming a spontaneous abortion rate of 
15%. There is a strong maternal age effect, so that 
for women 42 years and older about one- third of all 
clinically recognized conceptions are abnormal. As- 
suming that nondisjunction leads to equal numbers 
of monosomic and trisomic zygotes, it can be as- 
sumed that most oocytes among older women are an- 
euploid. 

Maternal Age Effect in Other Trisomies. The relative 
incidences at various maternal ages are shown in 
Fig. 9.4 for trisomy 13 and 18 and in Fig. 9.5 for syn- 
dromes due to nondisjunction of the X chromosome 
(XXY and XXX) [33]. Most trisomies detected in sur- 
veys of spontaneous abortions are also more frequent 
in children of older women (Table 9.5). However, the 
effect for large chromosomes is small and nonsignifi- 



■ - « Trisomy 21 n= 2311 

w w Trisomy 13 n= 172 




Fig. 9.2. Maternal age distribution of trisomies 21, 13, iS, and 
a combined sample of XXY, XXX compared with the popula- 
tion average in four representative populations. (Penrose 
1957 [102]; Court Brown 1967 [21]; Magenis, see [140!) 




MATERNAL AGE 



Fig. 9,3, Incidence of trisomy among all clinically recognized 
pregnancies, including spontaneous abortions, assuming a 
spontaneous abortion rate of 15 %. (From Hassold and Jacobs 
19S4 [50]) 
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Maternal age 



Fig*g.4* Maternal age effect in triso- 
mies 13 and 18. (Magenis et al. 1968, see 
[HO]) 



cant (it is slightly larger in some earlier series). 
Among the smaller chromosomes, the maternal age 
effect is small - albeit significant - for trisomy 16, 
No significant age effects have been found for de 
novo chromosome rearrangements [54]. 

Little or no paternal age effect was found for the XXY 
karyotype [15], 

923 In Which Sex and at Which Meiotic Division 
Does Nondisjunction Occur? 

As explained in Sect- 2.2.1, trisomy is caused by mei- 
otic nondisjunction. Two questions arise: 

1. Does nondisjunction occur mainly during male or 
female meiosis? 

2. Does it occur mainly in the first or in the second 
meiotic division? 

Since the parental age effect, as described above, was 
shown to be almost always maternal in origin, it was 
tempting to conclude that most observed cases of 
nondisjunction occur in the female germ line. Evi- 
dence from X-linked marker studies, however, show 
that this is not true for the X chromosome. 



Evidence for the X Chromosome from X-Linked 
Marker Studies. The principle of determining the 
origin of the trisomic germ cell is shown in 
Fig. 9.6. A color vision defective (deuteranomalous) 
patient with Klinefelter syndrome has a mother 
who is heterozygous for deuteranomaly and a fa- 
ther with normal color vision. The trisomic germ 
cell presumably originates in the mother. Nondis- 
jimction must have occurred during the second 
meiotic division of oogenesis, in which sister chro^ 
matids of the same chromosomes are normally se- 
parated. 

In principle, the same argument may be used by ap- 
plication of the X-linked blood group Xg. Race and 
Sanger (1969) [104] > reviewing the evidence for non- 
disjunction in Klinefelter (XXY) syndrome, arrived 
at an estimate of 40% occurring in the paternal 
germ lines, all in the first meiotic division; 50 % oc- 
cur in the first maternal meiotic division and 10% 
in the second. In all four cases of XXXYand XXXXY, 
the extra chromosomes come from the maternal 
germ line; it originated during paternal meiosis in 
the XXYY cases. 

Among XO patients whose Xg types contribute infor- 
mation to this analysis, about 74 % posses a maternal 
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Fig. 9.5. Maternal age effect in syndromes due to 
nondisjunction of X chromosomes: XX Y and 
XXX combined; 153 cases from the United King- 
dom. (Court Brown 1967 [21]) 




Maternal age 



Table 9.5. Maternal age in two series of spontaneous abortions (New York City^ 372 abortions; Hawaii, 418 abortions; from Has- 
sold et aL 1981 [51]) 



Karyotype 


Maternal ages 


Karyotype 


Maternal ages 


Normal newborns; 


NY City: 25.8 years 


Abortions with normal 


26,7 ± 6,2 


XX and XY 


Hawaii: 25.0 years 


karyotypes; XX and XY 




Trisomies 




Trisomies 




47 + 2 


28.3 ± 6.2 


47 + 13 


29,2 ± 5,6 


47 + 3 


25.5 ±6.4 


47 + 14 


25,6 ± 7,4 


47 + 4 


27.9 ±6.2 


47 + 15 


31,0 ±6,3^^* 


47 + 5 


22.0 


47+ 16 


28,2 ± 5.3 


47 + 6 


24.0 i 4,2 


47+ 17 


32,8 ± 8.6 


47 + 7 


30,2 ± 6,7“* 


47+ J8 


33,3 ± 5.6*^* 


47 + 8 


24,6 ± 4,9 


47+ 19 




47 + 9 


29.0 ± 6,9 


47 + 20 


33,8 ± 5.5^^* 


47 + 10 


31,8 ±7.7 


47 + 21 


30,0 ± 


47+11 


25,0 


47 + 22 


31,7 ±5.3*’** 


47+ 12 


26,6 ± 7,0 







Statistically significant differences between normal and trisomic abortions: 0.01; p 0,001. 



and about 26% a paternal X. If it is assumed that 
most XO cases are the result of chromosome loss dur- 
ing the early zygote stages and not of meiotic nondis- 
junction (Sect. 2,2,1) j the findings concur with the re- 
sults obtained in mice where the paternal X chromo- 



some is particularly vulnerable a short time after fer- 
tilization (Sect, u.1.3). 

In principle, the same kind of argument may be used 
for identification of parental chromosomes by micro- 
scopically identifiable chromosome variants. 
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Fig. 9.6. Determination of the origin of trisomic germ cells. 
A patient with Klinefelter syndrome {arrow; XXY) is deutera- 
nomalous* His father has normal color vision. The mother 
must be heterozygous because she has one deuteranomalous 
son* If the additional chromosome comes from the father, 
the Klinefelter son must be heterozygous or homozy- 
gous normal. The fact that he is deuteranomalous shows 
that both his X chromosomes descended from one X of the 
mother (see Sect. 2.2.3*!)* Moreover, non disjunction must 
have occurred in the second meiotic division* (Lenz 1964 

[76]) 



Direct Evidence from Chromosome Variants and DNA 
Polymorphisms. Human chromosomes show indivi- 
dual variants that are constant over many genera- 
tions and are also known as heteromorphisms. Their 
overall frequency varies between about 5 % and 50 %> 
depending on the methods used (Sect*2*i*2*3)* Var- 
iants in the short-arm and satellite regions of acro- 
centric chromosomes are especially common; they 
were therefore used for chromosome identification. 
However> the methods is subjective and error prone, 
and an appreciable number of cases prove to be non- 
informative* There fore> this technique has now been 
abandoned in favor of DNA polymorphisms* The 
various types of such DNA polymorphisms are de- 
scribed in Sec* 12.1.2* These can be identified unequi- 
vocally; many have a great number of alleles and 
therefore a large content of information; moreover, 
there are so many DNA variants that each individual 
chromosome can be identified if a sufficient panel 



of such markers is used* Therefore they are most use- 
ful in identifing parental chromosomes in aneuploi- 
dy and have replaced chromosome heteromorphisms 
in this work. 

Use of Chromosomal Variants and DNA Markers for 
Identification of Nondisjunctiom Genetic markers 
can be used to trace a certain chromosome hack to 
father or mother and to the first or second meiotk di- 
vision 

Chromosome 21, as the other acrocentric chromo- 
somes, carries rRNA genes in its short- arm regions; 
in the interphase nucleus these regions are found 
close together at the nucleolus (Sect*i*i*2*3), forming 
the nucleolus organizer region* 

The results of many studies indicate that nondisjunc- 
tion can occur in either the first or the second mei- 
otic division* Among the cases of maternal origin 
the great majority result from first division nondis- 
junction. The 4%-io% of paternal cases may be 
caused by nondisjunction either in the first or in the 
second meiotic division, but errors in first meiosis 
appear to be more common. 

In X- chromosomal nondisjunction, the situation 
turns out to be quite different* Here, the nondisjunc- 
tion frequency is about the same in both sexes, or it 
might even be slightly higher in males [59]* The lim- 
ited data suggest a relatively higher fraction of pater- 
nal non disjunction in fathers of Klinefelter patients 
but a higher proportion of maternal events in mo- 
thers of XXX women. The higher proportion of male 
nondisjunction in X-chromosomal anomalies may 
explain the somewhat weaker increase with maternal 
age as compared with autosomal trisomies {contrast 
Figs. 9-3 ^nd 9.5). 



9.2.4 N 0 ndisjuiictioii, Chromosome Variants, 
and Satellite Association 

Even relatively harsh methods of making metaphase 
preparations do not destroy completely the intimate 
relationship of chromosomes to each other* 

Satellite Association. In metaphase, chromosomes 
with satellites (13-15; 21, 22) show a tendency to lie 
side by side, with their satellite regions facing each 
other [30]* There is considerable interindividual 
variability in this phenomenon* It was therefore 
concluded that human beings with frequent satellite 
associations would manifest an increased probability 
of nondisjunction. The definition of a satellite asso- 
ciation is shown in Fig* 9*7 [152]. In some studies a 
higher frequency of such satellite associations has 
been described in parents - or sometimes only in 
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mothers - of trisomy patients. These data support 
the hypothesis that an increased tendency to satel- 
lite association enhances the risk for nondisjunc- 
tion. 

Thyroid Disease and Antithyroid Antibodies. Altered 
thyroid function had long been suspected as a risk 
factor for nondisjunction. Fialkow et al. (1967) [31] 
found that mothers of children with Down syndrome 
had a significantly higher frequency of thyroid auto- 
antibodies than the controls (Fig. 9.8). This study 
was initiated by a clinical observation of one of the 
authors (A.G.M.): two girls with Turner syndrome 
due to X isochromosomes also had Hashimoto thyr- 
oiditis, Tt was difficult to believe that this finding 
was accidental. 

In Fialkow^s study the frequency of thyroid autoanti- 
bodies was about the same in older and younger 
mothers. Because of the age-dependent increase in 
positive reactors with age in the control populatiouj 
a significant difference between mothers of Down 
syndrome children and controls was found only in 
the younger age group. Hence there is good evidence 
that thyroid auto antibodies as a marker for autoim^ 
munity enhance the risk for nondisjunction. Relative 
to other risk factors, this factor seems to be especially 
important in younger mothers in whom the age- de- 
pendent risk is low. 

Do Thyroid Autoantibodies and Autoimmune Disease 
Also Enhance the Risk for Other Aneuploidies? Non- 
disjunction of acrocentric chromosomes differs from 
nondisj unction - and chromosome loss - of X chro- 
mosomes. Therefore the results presented above do 
not necessarily imply that autoimmune thyroid dis- 
ease enhances the risk for X- chromosomal aneuploi- 
dy as well. Howeven they do provide a hint about 
where to look for risk factors. Some reports suggest 
an increased frequency of auto antibodies in patients 
with gonadal dysgenesis (XO type) and in their par- 
ents. An increase in thyroid antibodies is even more 
pronounced in patients with mosaics and their moth- 
ers [32]. Many cases of juvenile diabetes are now con- 
sidered to be caused by an autoimmune mechanism 
(Sect, 6.4,1), A surprisingly high incidence of diabetes 
in close relatives of patients with the XO and XX Y 
karyotypes, especially parents, has been reported 
[93, M 3 ]- 




SA CP p 

Fig. 9.7, Definition of a satellite association. SAt satellite asso- 
ciation; close proximity; R proximity, (Zellweger et al, 
1966 [152]) 

7e positive 




(n ^ 120) tn = 122 ) 



I I controls 

Mo t hers of 

I 1 potiefits with 

Down syndrome 

Fig, 9.8, Frequency of thyroid antibodies among mothers of 
children with Down syndrome compared with age- matched 
mothers of children not showing Down syndrome. A signifi- 
cant increase was found in young but not in older mothers 
of Down syndrome children. (Fialkow 1967 [32]) 



93 Gene Mutation: 

Analysis at the Phenotype Level 

Almost all trisomles observed in the human popula- 
tion are caused by new mutations. In these cases the 
patients are the only ones affected in their families; 
they are ""sporadic” cases. If they have no children, 
the supernumerary chromosome is not transmitted 
to the next generation. A person bearing a dominant 
or X-linked gene mutation usually transmits this mu- 
tation to the next generation {Chap. 4), If the muta- 
tion does not interfere with health, reproduction is 
almost normal, and a pedigree with many affected in- 
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dividual s may ensue. Almost every affected indivi- 
dual has affected ancestors and relatives. If the condi- 
tion prevents many of its bearers from having chil- 
dren, most of the newly mutant genes become extinct 
soon after they appear, and a relatively large number 
of aU observed cases are sporadic and caused by a 
new mutation. Large-scale population surveys are re- 
quired to estimate the mutation rate. Gene mutation 
rates may be analyzed at the qualitative-phenotypic- 
Mendelian, at the protein-enzyme, or at the DNA 
level 



93.1 Methods for Estimating Mutation Rates 

The following sections describe various methods es- 
timating mutation rates of rare hereditary diseases. 
In most cases, the methods have been applied to con- 
ditions analyzed at the qualitat ive- phenotypic- Men- 
deli an level, implying that a simple mode of inheri- 
tance has been established. In an increasing number 
of these conditions the genes have been localized, 
and in some of them genetic heterogeneity has been 
found. 

Direct Method. The principle of the direct method is 
described (Sect. 9,2.1). Apart from genome mutations 
and structural chromosome aberrations, this ap- 
proach can be utilized for dominant gene mutations. 
It simply requires determination of the incidence 
(frequency at birth) of a certain condition in the po- 
pulation and knowledge of whether the case is indeed 
sporadic. All sporadic cases are assumed to be new 
mutations, and the mutation rate can be calculated 
with ease (see the formula in Sect. 9.2.1). In practice, 
application of this simple principle meets with diffi- 
culties and possibilities of error: 

a) The most evident source of error is illegitimacy a possi- 
bility that needs especially to be considered if the selec- 
tive disadvantage of a trait is not obvious, and if very 
few sporadic cases are observed among a majority of fa- 
milial ones. On the other hand, if there is a strong se- 
lective disadvantage, and if there are many sporadic 
cases along with some familial ones, an occasional case 
of illegitimacy does not substantially disturb the esti- 
mate. Since many genetic markers are now available, 
false paternity can usually be ruled out by appropriate 
DNA tests. 

b) A second possible source of error is the occurrence of 
pheno typically similar or identical cases that happen to 
be nonhereditary (phenocopies). The strictest genetic 
test for this bias is examination of offspring in such 
sporadic cases. If all such cases are mutants, am segrega- 
tion of their affected and unaffected offspring is expected. 
However, the test is insensitive if the total proportion of 
phenocopies is small. A preliminary hint is provided by 
considerations of genetic equilibrium. Selection against 



the condition should be strong enough to account for a 
fraction of sporadic cases among all cases [130]. This 
principle leads to the general rule that the proportion of 
sporadic cases is roughly proportional to the selective dis- 
advantage of the trait (Fig. 9.8). In the extreme cases with 
no transmission to the next generation because of early 
death, all cases of autosomal-dominant mutation in the 
population are sporadic. In intermediate cases a variably 
large proportion of cases are new mutants. 

c) Often different varieties of autosomal-dominant disease 
exist. For example, mutations of genes at different gene 
loci may lead to the same phenotype, or different muta- 
tions within the same gene may lead to slight (and some- 
times not so slight) phenotypic differences. If more than 
one gene is involved, the mutation rate should be consid- 
ered as a combined estimate for these genes. If all varieties 
are lumped together as one disease, the mutation rate may 
be spuriously elevated. Similarly, in addition to an autoso- 
mal-dominant type of disease, an autosomal- recessive 
variety may exist. Careful clinical and laboratory analysis 
of the phenotype, age of onset, natural history of the dis- 
ease, and linkage analysis using, for example, DNA mar- 
kers, may help in discrimination. Consanguinity, if pre- 
sent, may provide a strong hint of autosomal-recessive in- 
heritance in populations where inbreeding is unusual. 

d) Penetrance may be incomplete. If penetrance is not far 
below 100%, this bias can be corrected. 

The most straightforward method is to compare the 
number of patients carrying new mutations with the 
total number of children born in the same year. This 
is equivalent to determinating the incidence. This 
method is feasible mainly for conditions that can be 
identified in early infancy. Thus, acrocephalosyndac- 
tyly (Apert syndrome) (101200) can be identified at 
birth in ab affected infants, and the clinical status of 
the parents is clearly apparent for this defect. The 
mutation rate can be calculated on the basis of the to- 
tal number of births in the population. However, most 
diseases are not discovered at birth, and prevalence 
data ("‘cases at hand”) alone are available. For exam- 
ple, the life span of hemophilia patients was one- third 
that of normals in one mutation study; therefore the 
prevalence figure had to be multiplied by a factor of 
3 to obtain the incidence. Note that in this example 
the number of hemophiliacs was compared to that of 
the total population, while in the earlier example the 
number of cases of acrocephalosyndactyly per year 
was related to all births of that year alone. 

The direct method, in spite of its simplicity, was in- 
troduced only after the concept of genetic equili- 
brium between mutation and selection had been es- 
tablished. 

Danf orthos Formula. Danforth [23] first formulated the equili- 
brium concept in 1921 and proposed its use for estimating the 
mutation rate: 

"It may be recalled that there is a considerable number of 
dominant traits which are slightly unfavorable . . . The ind- 
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dence of these traits is no doubt maintained in part by recur- 
rent mutations. The frequency of such mutations could be es- 
timated if the average number of generations through which 
they persist were known. In some of these there is evidence 
that the average duration is for only a few generations . . . 
The rate of mutation must be such as to bring the incidence 
to its present value and to balance the adverse effect of selec- 
tion.” 

He then proceeded to derive a formula to determine the aver- 
age number of generations during which a mutation persists 
before elimination as a measure for the mutation rate. On 
Danforth's proposal, the concept of equilibrium between mu- 
tation and selection was clearly formulated* However, it was 
overlooked only to be rediscovered 15 years later by Haldane 

[43]* 

Haldane^s Indirect Method for Mutation Rate Calculation. 
Haldane explained the concept as follows: 

''The sex-linked recessive condition haemophilia has been 
known for over a century Since only a small minority of hae- 
mophiliacs live long enough to breed, and (as will be seen) 
over one- third of all haemophilia genes in new-born babies 
are in the X chromosome of males, the condition would ra- 
pidly disappear unless haemophilia genes arose by mutation. 
The only alternatives would be that heterozygous females 
were more fertile than normal, or that in their meiosis the 
normal allelomorph . . . was preferentially extruded into a 
polar body Neither of these alternatives seems likely. . . 

We now assume, and will later attempt to show, that most 
large human populations are in approximate equilibrium as 
regards haemophilia, selection being balanced by mutation 
, * * if X be the proportion of haemophilic males in the popu- 
lation, and f their effective fertility, that is to say their chance, 
compared with a normal male, of producing offspring, then 
in a large population of 2 N (1 - f ) xN haemophilia genes 
are effectively wiped out per generation* The same number 
must be replaced by mutation* But as each of the N females 
has two X chromosomes per cell, and each of the N males 
one, the mean mutation rate per X chromosomes is (1 — f) 
X, or if f is small, a little less than V3 x. Hence, we have to de- 
termine the frequency of hemophilia in males to arrive at the 
appropriate mutation rate.’^ 

Additionally, Haldane gave a formal treatment that led to the 
following results. The ratio of heterozygous females to hemo- 
philic males is: 

1 1 2ffi + V 
2 pi + v 

Here, p is the mutation rate in female germ cells, and v in 
male. Of all cases of hemophilia, a fraction (1 - f) p/ 
(2p+ v) should be sons of normal homozygous mothers, 
i. e., sporadic cases. In the same paper Haldane showed that 
genetic equilibrium would indeed be reestablished within a 
very short time after any perturbation. 

Haldane’s method is practical because information 
from only one generation is needed. This informa- 
tion, however, can be utilized in different ways. One 
useful extension concerns a separate assessment of 
mutations In male and female germ cells (Sect.9.3.4)- 



Practical Problems in Applying the Indirect Method. As with 
the direct method, a number of practical problems arise 
when the indirect method is actually applied: 

a) Illegitimacy is no problem since the estimate is based, in 
all cases, on conditions in the present-day population 
and not on previous generations. 

b) Phenocopies and genetic heterogeneity raise problems 
identical to those encountered with the direct method. 

c) Incomplete penetrance does not influence estimates of 
mutation rates provided that those gene carriers who fail 
to manifest the condition have no selective disadvantage 
compared with the population average. 

d) A problem that is unique to the indirect method is the es- 

timation of / (average fertility of patients relative to the 
population average). This problem is simple if/= □, i.e., 
the affected individuals do not reproduce at all* An exam- 
ple concerns the Duchenne type of muscular dystrophy. 
The formula for the ratio of patients who are sons of nor- 
mal mothers is m = which becomes 7^, if w = v 

2fi -\- v ^ ' 

and/ = o. This means that one-third of the observed cases 
are due to new mutations if mutation rates in males and 
females are identical and affected individuals are unable 
to reproduce. 

The problem is much more difficult if the fertility of the trait 
bearers is only slightly reduced* A useful approximation for / 
can be reached by comparing reproduction of patients with 
that of their unaffected sibs, if the patients’ fertility is signif- 
icantly subnormal. Otherwise, biases caused by family plan- 
ning of sibs may be considerable. The best method is to de- 
termine the number of children of a randomly chosen popu- 
lation group in the same age range, with follow-up to the 
end of their reproductive period in comparison with patients 
[105, 107]. Even this method may yield distorted data if pa- 
tients reproduce more frequently than in earlier times be- 
cause of improved medical therapy. Under such conditions, 
the population is no longer in equilibrium and mutation rates 
are underestimated. 

These biases make all estimates of/ unreliable* Therefore the 
indirect method can be expected to give a general idea of the 
correct order of magnitude of the mutation rate only if the 
fertility of the patient (f) is markedly reduced. 

The direct method was used in the great majority of 
estimates in Tables 9.6 and 9.7; the indirect method 
was used mainly for X-linked recessive conditions. 
In hemophilia fertility was markedly reduced at the 
time that these data were collected* Fertility reaches 
zero in the Duchenne type of muscular dystrophy 
and in the two conditions in which hemizygosity is 
lethal: incontinentia pigmenti and the orofaciodigital 
(OFD) syndrome. Therefore these estimates can be 
regarded as fairly reliable. 

Mutation Rates Cannot Be Estimated for Autosomal- 
Recessive Diseases. Obviously the direct method can- 
not be used in fully recessive conditions because the 
mutation would most often occur in the germ cell of 
an individual who is mated with a normal homozy- 
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Table 9.6. Selected classic mutation rates for human genes (from Vogel and Rathenberg 1975 [13S], wUh additions 
Trait Population examined Mutation rate Gene(s) located at Authors 



Denmark 

Northern Ireland, U, K. 
Four cities 
Miinster, Germany 
Denmark 

Michigan, U.S. A. 
Northern Ireland* U, K. 
Switzerland 

United Kingdom, 
Michigan, U»S* A.s 
Switzerland; Germany 
Hungary 
The Netherlands 
Japan 
France 
New Zealand 



Acrocephalosyndactyly (1) 


United Kingdom 


(Apert syndrome) 


Munster, Germany 


Osteogenesis imperfecta, 


Sweden 


types 1, 11, IV 


Miinster, Germany 


Tuberous sclerosis 


Oxford, UK, 


(epiloia) 


Chinese 


N e urofi bromatos Is ( 1 ) 


Michigan, U.S. A, 


Polyposis of intestines 


Moscow, Russia 
Michigan, US. A. 


Marfan syndrome 


Northern Ireland, UK, 


Polycystic disease 


Denmark 


of the kidneys 


Diaphyseal aclasis 


MQnster, Germany 


(multiple exostoses) 


Sex-linked recessive mutations 


Hemophilia 


Denmark 


Hemophilia A 


Switzerland 
Milnster, Germany 
Hamburg, Germany 


Hemophilia B 


Finland 

Hamburg, Germany 


Duchenne type 


Finland 
Utah, US, A, 


muscular dystrophy 


Northumberland and 


Incontinentia pigment i, 


Durham, U K. 
Stldbaden, Germany 
Northern Ireland, UK, 
Leeds, U. K, 

Wisconsin, O.S,A. 

Bern, Switzerland 
Fukuoko, Japan 
Northeast England, U K. 
Warsaw, Poland 
Venice, Italy 
MUnster, Germany 


Mainz type 2 
( Bloch -Sulzberger) 


Orofaciodigital (OFD) 


Munster, Germany 


syndrome 



1 X 10 > 


4q 


Morch, corrected by Slat is 


1.3 X 10-= 




Stevenson 


1.4 X 10“= 




Gardner 


6-9 X 10“= 




Schiemann 


2,9-5 X 10-“ 


lip 13, 2p25 


Mollenbach, corrected 






by Penrose 


2.6x 10“ 


19q 


Shaw et al. 


8x 10 ‘ 




lynas 


1.1 X 10 ’ 




Klein, corrected by Todorov 






et al. 


6-7 X 10 * 


13ql4,l-ql4,2 


Vogel 



6x 10 “ 




Czeizel et al. 


1.23 X 10 * 




Schappert-Kimmijser et a), 


Bx 10 *■ 




Matsunaga 


5x 10 * 




Briart -Guillemot et al. 


9.3-10.9 X 10 ‘ 




Fitzgerald et al. 


3 X 10 ‘ 


? 


Blank 


4X 10 “ 




Ttinte and Lenz 


0.7-1.3 X 10 = 


Heterogeneous 


SmSrs 


1.0x10 ■’ 




Schrfider 


1.05X 10 ■' 


9q34; llq23 


Nevin and Pearce 


6 X 10 “ 




Singer 


1 X 10-* 


17qll,2 


Crowe et aL 


4.4-4.9 X 10 = 




Sergeyev 


1.3x 10 = 


5q22-q23 


Reed and Neel 


4.2-S.8X 10-“ 


5ql5-5q21.3 


Lynas 


6.5-12 X 10 ’ 


16ql3,U16ql3.33 


Dalgaard 


6.3-9.1 X 10 “ 


? 


Murken 



3.2x 10 “ 




Andreassen, corrected 
by Haldane 


2.2 X 10 “ 




Vogel 


2.3 X 10-“ 




Reith 


5.7 X 10 “ 


Xp28 


Bitter et al, 


3.2 X 10 “ 




Ikkala 


3x 10 ‘ 


Xq27,l-q27,2 


Bitter et al. 


2 X 10 “ 




Ikkala 


9.5 X 10 ’ 


Xp21.2 


Stephens and Tyler 


4.3 X 10 “ 




Walton 


4.8 X 10 “ 




Becker and Lenz 


6,0 X 10 “ 




Stevenson 


4.7 X 10 * 




Blyth and Pugh 


9.2 X l0-= 




Morton and Chung 


7.3 X l0-= 




Moser et al. 


6.5 X 10-= 




Kuroiwa and Miyazaki 


10.5 X 10 = 




Gardner- Med win 


4.6 X 10-= 




Prot 


3.5-6.1 X lQ-= 




Danieli et al. 


0.6- 2.0 X 10-= 


Xq27-Xq28 


Hssig 


5 X 10 ‘ 




Majewski 



Autosomal mutations 
Achondroplasia 



Aniridia 1, 2 
Myotonic dystrophy 
Retinoblastoma 
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Table 9.7* Comparison of mutation rates 

Type of mutation Example Mutation rate (at birth) 



Trisomy 

Robertsonian iransiocalion 
Reciprocal translocation 
Cytogenetically visible deletions 

Deletions invisible by conventional 
cytogenetic methods but leading to a 
contiguous gene syndrome 

^‘Classical” mutation rates estimated 
from autosomal dominant or Xdinked 
phenotypes 

Deletion within one gene 

Single base pair substitutions 
(per base pair) 

DNA polymorphisms outside transcribed 
genes: RFLP, VNTR, C A repeats 



Trisomy 21 (Down syndrome) 

Down syndrome 

Many chromosomal diseases 

Cri du chat syndrome (5p“) and others 

WAGR syndrome (del 15p) and others 

Achondroplasiai Hemophilia A 

Duchenne muscular dystrophy 

Hemoglobin chain, many other 
examples 



]0 

- I X 10 ^ 

^43x 10 ' 

-5x 10^ 

~ 10 ^^10 " 

~ 10^ 

~2^5x 10-^ 

~ 3-5 X 10 

- 10"*-10 ^ (transitions, especially 
those involving CpG di nucleotides, 
are more common than transversions) 

Enormous variation (some VNTR 
mutations even occur in a small 
percentage of all germ cells) 



Table 9,8, Approximate proportions of patients affected by 
new mutations in autosomal dominant disorders (modified 
from Goldstein and Brown 1977) 



Disorder Percentage 

Apert syndrome (acrocephalosyndactyly) >95 

Achondroplasia 80 

Tuberous sclerosis 80 

Neurofibromatosis 40 

Marfan syndrome 30 

Myotonic dystrophy 25 

Huntington disease 1 

Adult polycystic kidney 1 

Familial hypercholesterolemia <1 



gote, and the mating would therefore produce hetero- 
zygous and normal homozygous children* If methods 
to detect heterozygotes for various conditions were 
available> this problem might be obviated [107]. Cur- 
rently this method is not being utilized* 

Theoretically the indirect method could be used* 
With every homozygote who does not reproduce, 
two mutant genes are eliminated from the population, 
and the loss of these alleles would need to be com- 
pensated by mutation to achieve equilibrium* How- 
ever, application of the method is subject to two re- 
servations* The selective disadvantage must be con- 
fined to the homozygotes, and the heterozygous state 
must be selectively neutral. According to the Hardy- 
Weinberg law (Sect* 4*2), the number of hetero zygotes 
is 2p^, and that of affected homozygotes is Hetero- 



zygotes are therefore found much more frequently 
than affected homozygotes, especially if the condition 
is rare* A very small selective disadvantage would 
therefore require a much higher mutation rate to 
maintain genetic equilibrium, whereas a small advan- 
tage would render mutations unnecessary to explain 
a genetic equilibrium* 

Furthermore, it is demonstrably wrong to assume ge- 
netic equilibrium for recessive mutations in present- 
day human populations* In the past the human popu- 
lation was divided into many isolated groups which 
showed varying rates of population growth; most of 
these groups have begun mixing only in relatively re- 
cent times* Screening programs for rare inborn er- 
rors of metabolism show remarkable differences in 
incidence of recessive genes even among closely rela- 
ted populations, and the distribution of mutants 
identified by DNA studies, for example in phenylke- 
tonuria and cystic fibrosis, shows a pattern not at all 
compatible with simple mutation-selection equilibria 
(Sect* 12*1*3}* The almost worldwide decrease in the 
number of consanguineous marriages has also con- 
tributed to the disturbance of any genetic equilibrium 
that may have existed in the past* In many popula- 
tions the number of cases of rare recessive disorders 
is presently below equilibrium value, and the increase 
to equilibrium is expected to be very slow ([44]; 
Sect* 13.1.1*2}* Depending on arbitrary assumptions, 
almost any mutation rate estimate can be calculated 
for a recessive condition using the same data* There- 
fore such estimates are guessing games of no scienti- 
fic value. 
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93.2 Results on Mutation Rates 

Estimates Based on Population Surveys. Table 9.6 lists 
mutation rate estimates. Table 9*7 compares these 
mutation rates with those obtained for visible chro- 
mosomal aberrations, single base substitutions, and 
DNA polymorphisms. The main criterion for inclu- 
sion in Tables 9,6 and 9.7 was that the determination 
of incidence, especially of sporadic cases, be fairly re- 
liable, Some remarks may be useful for some specific 
conditions. 

Achondroplasia (100800) is a fairly well-defined condition 
characterized by shortening of the limbs, depressed nasal 
bridge, characteristic vertebral changes, and occasional inter- 
nal hydrocephalus. Patients* reproduction is markedly re- 
duced^ therefore the majority of observed cases are sporadic 
and caused by new mutations. At least two superficially simi- 
lar conditions that lead to death a short time after birth are 
not included in the estimates: achondrogenesis (200600, 
200610, 200700) and thanatophoric dwarfism (173670). The 
rapid development of nosology in the skeletal dysplasias 
with many different subtypes, which may be confused with 
classic achondroplasia, has made earlier estimates of the mu- 
tation rates for this condition suspicious. Genetic heterogene- 
ity is a general problem with most mutation rate estimates 
(see above) which has been overcome, however, in this in- 
stance by the discovery that the classic achondroplasia phe- 
notype, as described above, is caused by a point mutation 
within the fibroblast growth factor receptor- 3 (FGFR-3) gene 
on 4P16.03. The great majority of cases are caused by a 
G -> A transition (see below) within the transmembrane do- 
main of this gene I95 a, iiS a]. 

In view of the possibility to distinguish the various types of 
achondroplasia by molecular, clinical and radiographic cri- 
teria, a new look at the mutation rates in this condition and 
in some of its dominant genocopies would be of great inter- 
est. Meanwhile, the three currently available estimates for 
achondroplasia are remarkably similar. 

Tn aniridia (Figs. 9.9, 9.10: 106200), the irises are lacking. Af- 
fected persons may suffer additional visual handicaps such as 
nystagmus, cataracts, or glaucoma. The two estimates, which 
are based on sound population surveys, gave similar results. 

Myotonic dystrophy (160900) is a muscular disorder describ- 
ed in Sect 4,1.7 in connection with anticipation. 



Retinoblastoma (180200) is a malignant eye tumor that af- 
fects children in the first years of life. In any developed socie- 
ty, every patient is sooner or later seen by a physician, in 
most cases by an ophthalmologist. Hence, for ascertainment 
of all cases in a given population, only ophthalmologists and 
ophthalmological departments need be screened. Series 
from a number of different populations are available. How- 
ever, not all cases are due to germ cell mutations. Most uni- 
lateral, sporadic cases are nonhereditary and caused by so- 
matic mutations (Chap. 10). Only io%-i2% [131, 135] of such 
unilateral sporadic cases are hereditary. The bilateral spora- 
dic cases are all hereditary. Even so, the mutation rate esti- 
mates in Tables 9'h 9.7, which were calculated on this ba- 

sis, agree very well. 

Acrocephalosyndactyly (Apert syndrome; 101200) is a com- 
plex syndrome consisting of skull malformation and com- 
plete distal fusion of fingers with a tendency to fusion of 
the bones (Fig. 9.11). In a number of cases, additional malfor- 
mations have been reported, and there is an increased risk 
for early death. While patients rarely have children, transmis- 
sion has been observed. The conclusion that the condition is 
due to a dominant mutation is based on these findings and 
on the very strong paternal age effect (Sect. 9.3.3) [11, 103, 
146I. 

Osteogenesis imperfecta (166200) includes, apart from the in- 
creased fragility of bones, blue sclerae and frequently sens ori- 




Fig. 9.9, Aniridia, Tn this case the iris is totally absent. (Cour- 
tesy of Dr. W. Jaeger) 
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Fig. 9.10. Pedigree with new mutation to aniridia. (From Mflllenbach 1947 [86]) 
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Fig* 9*11. Child with acrocephalosyndactyly (Apert syndrome) > Note syndactyly and deformed shape of head 



neural hearing loss. Its extremely variable expressivity renders 
any mutation rate estimate unreliable. Genetic heterogeneity 
and the existence of recessive types adds to the difficulties. 

Tuberous sclerosis (191 100) is one of the first conditions for 
which a mutation rate estimate became available [42], How- 
ever, it is not one of the best suited ones, as gene expression 
is quite variable. 

Neuroftbromatosh (162200) also shows a quite variable ex- 
pressivity The first mutation rate estimate was based on a 
very careful epidemiological study in Michigan [1441], The 
rate was estimated by both the direct and the indirect meth- 
od* The estimate given in Table 9.6 (1 x lo”"^) is the highest 
known so far for a human disorder. However, there seems to 
be no conclusive evidence for genetic heterogeneity apart 
from families with acoustic neurinoma (“central neurofibro- 
matosis"). A more recent estimate from the former Soviet 
Union [117] gives a value somewhat more in line with other 
mutation rate estimates. Here, however, the incidence esti- 
mate was based on examination of 16 -year-old prospective 
conscripts. At this age some mild manifestations could still 
be overlooked. 

With intestinal polyposis (175 loo), genetic heterogeneity po- 
ses a problem, as there is a least one other syndrome involv- 
ing multiple colon polyps (Gardner syndrome), but this ap- 
pears to be intragenic heterogeneity, since in both conditions 
the same gene is involved. 

Marfan syndrome (154700) can be confused with homocysti- 
nuria transmitted by autosomal-recessive inheritance. 
Polycystic disease of the kidneys (173900) has, after neurofi- 
bromatosis, the second highest mutation rates calculated so 
far. 

The estimate for multiple exostoses (diaphyseal aclasis) 
(133700) is based on seven sporadic cases in a relatively small 



population. Penetrance seems to be influenced by sex-lhnit- 
ing modifying genes (Sect. 4.1.6); the mutation rate estimate 
might not be exact. 

X-Linked Recessive Conditions, For Hemophilia (306700, 
306900), estimates in various populations agree relatively 
well. The first estimates (for Denmark and Switzerland) in- 
cluded both hemophilia A and B; later the two conditions 
were treated separately The mutation rate for hemophilia A 
is about one order of magnitude higher than that for hemo- 
philia B. 

For the Duchenne type of muscular dystrophy (310200) at 
least 11 mutation rate estimates from various populations 
are available. As with retinoblastoma, the ascertainment 
problems can be overcome relatively easily. The diagnosis 
can be made without difficulty. Application of the indirect 
method is obviously justified; the patients never have chil- 
dren. Hence selection against this mutation is very strong. 
All estimates agree amazingly well in order of magni- 
tude. 

The incontinentia pigmenti (Bloch -Sulzberger syndrome) 
(308300) estimate is based on the hypothesis (suggested by 
Lenz [75] and explained in Sect. 4.1*4) that the mode of in- 
heritance of this disorder is X-linked dominant with lethality 
of the male hemizygotes. This hypothesis has been confirmed 
by localization of the gene to the X chromosome. This mode 
of inheritance is bound to lead to strong selection against 
the mutation. 

Are These Mutation Rates Representative of Compar- 
able Mutations in the Human Genome? The mutation 
rate estimates in Table 9*6 are all of an order of mag- 
nitude between 10“^ and 10“^, Taken at face value, 
these data might suggest that they represent the gen- 



Number of traits 
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eral order of magnitude for human mutation rates 
that result in more or less detrimental phenotypes 
with clearcut dominant or X-linked recessive modes 
of inheritance. This conclusion, however, would be 
incorrect. The disorders listed in Table 9.6 were se- 
lected on the basis of their suitability for a mutation 
rate estimation. This suitability depends on the ease 
with which a certain condition may be ascertained 
and diagnosed and most particularly on its frequen- 
cy in the population. In all diseases examined so far 
on an epidemiological scale the surveyed population 
group has not been larger than about 10 million. It 
is necessary to use disorders that are relatively fre- 
quent to find a sufFicient number of cases of a speci- 
fic disorder to provide the basis for a reasonably ac- 
ceptable mutation estimate in a population of this 
size. 

This aspect has been examined thoroughly by Steven- 
son and Kerr [120] for X-linked defects. According to 
these authors, evidence of frequencies and mutation 
rates falls into three categories: 

1. For a few common disorders, ad hoc studies have 
been carried out. Here frequency estimates are re- 
latively reliable. 

2. With respect to uncommon disorders, the authors 
undertook to record all X-linked defects known at 
that time in 875 000 male newborns. 



3. For very rare disorders the only guide to frequency 
is the number of cases and affected families in the 
world literature. 

Stevenson and Kerr [120] analyzed 49 rare condi- 
tions. This number excludes polymorphisms whose 
frequency is evidently not dependent on an equili- 
brium between mutation and selection (color blind- 
ness, Xg blood group, G6PD variants). Figure 9,12 
presents the estimated aproximate order of magni- 
tude of the mutation rates for the 49 diseases. The au- 
thors do not claim accuracy; they do, however, pro- 
vide sufficient evidence to make this range of esti- 
mates plausible. 

There is only one disorder, Duchenne muscular dys- 
trophy, with a mutation rate higher than 5 x lo"^. In 
24 conditions the estimated mutation rate is below 
1 X 10“^, and in another 11 it is estimated to range be- 
tween 1 X 10“^ and 1 X 10“^. This distribution makes it 
extremely difficult to calculate an average, especially 
since the list is by no means exhaustive. A number 
of other, mostly very rare X-linked defects, could be 
added to the list. Obviously the frequency of a 
specific disorder increases its probabOity of being 
known. 

The authors' conclusion is acceptable as a first ap- 
proximation. They arrive at an average mutation rate 
of 4 X 10“^ per gamete per generation for mutations 
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BHI Autosomal dominant and X- chromosomal traits for which 

fairly reliable mutation rate estimates are oy^ai [able ( Vogel 1964) 
I I Unseleded X-chromosomol traits for which the order of 

magnitude of mutation rale is known ( Stevenson and Kerr, 1967) 
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Conclusion: Reliable mu to! ion rate esti motes ore avoilabie only for 
especially frequenl traits 



Fig. 9.12. Relatively well-es- 
tablished mutation rates for 
some autosomal-dominant 
and X-linked mutations (Ta- 
ble 9.6) in comparison with X- 
iinked mutations for which 
only an order of magnitude is 
known (Stevenson and Kerr 
1967 [120]) Note much lower 
mutation rate of the latter 
group of X-linked diseases 
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on those lod on the X chromosome that lead to ob- 
servable phenotypic deviations. 

Since the distribution of mutation rates appears to be 
very skewed toward lower rates, a consideration of 
the median value in these data may be useful. (The 
median of a distribution is the value that divides the 
distribution such that half lie above it and half be- 
low.) Cavalli-Sforza and Bodmer [17] calculated a 
median mutation rate of 1.6 X 10"^ from the same 
data. This suggests that mutation rates for many 
traits are very low indeed. Although specific data for 
autosomal -dominant mutations are not available, a 
similar rate may be assumed. 

Do These Mutation Rates Encompass the Total Muta- 
bility of the Gene Loci Concerned? The foregoing 
does not imply, however, that the total mutability of 
the various gene loci has been established. The esti- 
mates involve only mutations that produce visible 
changes in the phenotype. 

Three other types of mutations defy analysis: 

a) Those leading to amino acid substitutions in a 
specific polypeptide chain that have no noticeable 
influence on the biological function of the chain. 
From our experience with known polypeptides, 
especially those of the hemoglobin molecule, we 
can conclude that many mutations, perhaps even 
a majority, belong to this group. 

b) Those affecting function to such a degree that 
they are lethal to the zygote during the course of 
embryonic development. 

c) Most of the mutations affecting nontranscribed 
DNA segments, unless the required DNA techni- 
ques can be feasibly applied at the population 
level. 

The large differences between mutation rates estimat- 
ed from the phenotypes may have various causes; 
there may be, for example, a higher degree of genetic 
heterogeneity for the apparently more frequent disea- 
ses. A second possible cause is that numerous muta- 
tions within a given gene lead to the same mutant 
phenotype, whereas for some genes very specific 
changes are needed to produce a certain phenotype, 
and most mutations are either lethal or lead to quite 
different phenotypes. It is of interest that recent 
work has demonstrated that many different allelic 
mutations exist for most genetic diseases. In a few in- 
stances, such as achondroplasia, a unique single nu- 
cleotide substitution is found in all cases, including 
those caused by fresh mutations. Thirdly, there could 
even be a genuine difference in mutation rate due to a 
difference in mutation probability per nucleotide. A 
good example are the various diseases caused by mu- 
tation of the HB/? gene. The most important reason, 
however, is the huge size difference between genes. 



For example, the two genes with the highest mutation 
rates, the dystrophin gene whose mutations often 
lead to the muscular dystrophies of Duchenne and 
Becker, and the neurofibromatosis gene also belong 
to the largest genes we know (Table 3.4). The problem 
of total mutability of a gene cannot be solved by ana- 
lysis at the phenotypic level but needs analysis at the 
DNA level. Both the gene and the mutational site 
should be identified. This topic is taken up again in 
Sect. 9.3.1. 

In What Context Should Human Mutation Rates In- 
volving Dominant or X-Linked Phenotypes Be Investi- 
gated? Assessment of mutation rates for a genetic 
disease requires very thorough ad hoc studies. All 
persons who may possibly be affected by a disorder 
must be ascertained within a relatively large popula- 
tion as completely as possible, with special attention 
to ""sporadic” cases. Those so ascertained and their 
families must be examined personally by an experi- 
enced investigator to establish the diagnosis and to 
exclude similar conditions that are genetically differ- 
ent. Such a study would require an unusual effort in 
time and manpower and would rarely, if ever, be jus- 
tified simply to establish a mutation rate. Therefore, 
this effort might conveniently be included in more 
comprehensive epidemiological studies designed, for 
example, to classify an ill-defmed group of disorders 
into a number of genetic entities, to examine repro- 
ductive behavior of patients under the influence of 
modern medicine, or to set up a registration system 
as the basis for genetic counseling or population 
monitoring. In fact, most of the mutation rates in 
Table 9.6 were estimated in the context of clinical 
population genetics studies in the 1940s and 
1950s. 

The activities of the centers involved in such work are 
described in Chap. 4. Since about i960, these institu- 
tions have disappeared or have turned to other activ- 
ities, At present there is no center specializing in this 
type of genetic epidemiological study, and only very 
few such studies are being carried out. In our opi- 
nion, the most plausible explanation for the aban- 
doning of population studies is supplied by the so- 
ciology of science. In the late 1950s and early 1960s 
the renaissance of biochemical genetics, cytogenetics, 
somatic cell genetics, and immunogenetics opened 
completely new prospects for genetic analysis in hu- 
mans. Methods and concepts of molecular biology 
became available. Understandably, many research 
workers were fascinated by these new possibilities 
and turned away from relatively cumbersome and 
less satisfying tasks of ascertaining and examining 
cases in large populations. This trend was reinforced 
by the development of parts of human population ge- 
netics into a highly formalized and somewhat esoter- 
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ic speciality, which appeared so remote from biology 
that its significance for a deeper understanding of 
general biological problems seemed doubtful to 
many of the biologically and clinically inclined work- 
ers. 

This development, again, had interesting consequen- 
ces. Departments and research teams in medical ge- 
netics were founded in many countries, but they 
were no longer organized with epidemiological work 
in mind Their emphasis tended to be on cytogenet- 
ics and biochemistry and and, later, on molecular ge- 
netics. This necessarily funneled the work of new ta- 
lent in these directions, thus reinforcing the trend. 
However, problems such as incidence and mutation 
rate are far from solved. In the face of increasing pol- 
lution of our environment by potentially mutagenic 
chemical and physical agents (Chap.ii), knowledge 
about human mutations at all levels is needed more 
urgently than ever before. Although many geneticists 
speak out pubhcly about mutations, their pronounce- 
ments are based on the same, limited set of old data. 
Comprehensive knowledge of genetic heterogeneity 
and phenotypic delineation of disorders is particular- 
ly urgent now, since there is an increasing demand 
for genetic counseling, and many new methods for 
improving genetic prediction have become avail- 
able. 

What can be done to correct this one-sided develop- 
ment? Obviously the remedy cannot be to abandon 
or even curb the new methods in favor of old-fash- 
ioned population studies. Scientific progress depends 
on the quahty of research workers, and qualified 
workers cannot be found for research that they re- 
gard as uninteresting. Moreover, the old studies had 
indisputable weaknesses that impaired their useful- 
ness and should deter us from mere repetition. The 
time is ripe to plan studies that combine the two ap- 
proaches - analysis at both the molecular or chromo- 
somal level as well as the population level. For the 
Lesch -Nyhan syndrome, for example, probable muta- 
tions with different characteristics can now be ob- 
served in single cells in vitro (Sect. 9.4.3). Would it 
not be interesting to compare the spectrum of these 
mutations with the spectrum from a comprehensive 
population study? Similar comparative studies are 
conceivable in hemophilia and in other diseases of re- 
latively high incidence. They would help not only the 
population geneticist to find better explanations for 
the phenomena observed in populations but also mo- 
lecular and cell geneticists to improve understanding 
of some findings observed in vitro. Finally, such 
work could be of great help in management and ge- 
netic counseling of patients and their families. 

Rates of Mutation of Genes Not Leading to Hereditary 
Diseases. So far only mutations leading to hereditary 



diseases have been mentioned. However, mutations 
have also been observed - and their rates estimated 
- for normal protein variants as well as for DNA se- 
quences outside of transcribed DNA stretches. The 
first group of mutations are discussed in the context 
of radiation-induced mutations because this is the 
area in which they have mainly been discussed. As 
for the second group, DNA minisatellites, for exam- 
ple, may have mutation rates higher by several orders 
of magnitude than those discussed here (see 
Sect. 12.1.2). 



933 Mutation Rate and Age of the Father 

One of Weinberg's BriUiant Ideas. In 1912 Weinberg 
[147] discussed the genetic basis of achondroplasia. 
The cases available to him consisted of the pedigrees 
published by Rischbieth and Barrington (1912) [112]. 
Weinberg examined the possibility of a simple reces- 
sive mode of inheritance and rejected this hypothesis. 
He found that the data fitted somewhat better with a 
dihybrid recessive mode of inheritance. He men- 
tioned the opinion of Plate that the condition is dom- 
inantly inherited. Analysis of the evidence indicated 
that later-born siblings are more likely to be affected. 
Having made some remarks about possible biases, he 
continued (our translation): 

“If a more exact analysis of birth order indeed confirmed a 
high incidence in the last-born children, this would point to 
the formation of the “anlage" for dwarfism by mutation.” 

About 30 years later this prediction was confirmed by 
Morch [87], who conducted an epidemiological study 
of all achondroplastic dwarfs living in Denmark, in- 
cluding some recently deceased at the time of his in- 
vestigations. He presented convincing evidence that 
sporadic cases are indeed due to new mutation. He 
also showed that average maternal as well as paternal 
age in these sporadic cases is significantly higher 
than the population average and that the maternal 
age effect is not due to an influence of birth order. 
He was not able to determine whether the effect is 
due to maternal age, or paternal age, or both. 

Watson-Crick Model Stimulated New Research on Pa- 
ternal and Maternal Age Influences. Meanwhile, Wat- 
son and Crick [145] had published their model of 
DNA structure. In addition to explaining replication 
and information storage, the model suggested a con- 
vincing mechanism for spontaneous mutation: the in- 
sertion of a wrong base at replication. This mecha- 
nism required that the mutation process depend on 
replication. Moreover, investigations of micro-organ- 
isms seemed to confirm that almost all mutations oc- 
cur in dividing organisms [131]. This concept gave 
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Table 9,9, Simple models for mutation and their statistical consequences 



Model no. 
Mechanism 


1 

Mutation depend- 
ing on time only 


2 

Mutation depending 
on cell divisions only 


3 

Mutation during 
a certain time 
before puberty 


4 

Mutation after 
ceasing of divi- 
sions 


5 

Mutation in mature 
germ cells 


Male 


Linear increase of 


Increase of mutations 


No increase with 


Ho increase with 


No increase with age; 


germ 


mutations with age; 


with age; higher mu- 


age; no sex dif- 


age; lower muta- 


maybe somewhat higher 


ceils 


no sex difference 


tation rate in males 


ference 


tion rate in males 


mutation rate in males 


Female 


Linear increase of 


No increase with age; 


No increase with 


Increase with age; 


No increase with age; 


germ 


mutations with age 


lower mutation rate 


age 


higher mutation 


maybe somewhat lower 


cells 




in females 




rate in females 


rate in females 



new impetus to statistical analysis of the effect of par- 
ental age on human mutation. The argument was set 
out by Penrose [101] as follows: 

“There are very few cell divisions in the female germ cell line 
but many in the male germ line since the spermatogonia are 
continuously dividing. Thus the incidence of mutation due 
to failure to copy a gene at cell division would be unlikely to 
have any strong relation to maternal agej a marked increase 
of defects with this origin, however^ would be seen at late pa- 
ternal ages/' 

The predictions from this mutation mechanism can 
be compared with those derived from other plausible 
mechanisms [loi, 134]* In Table 9*9, all five possibili- 
ties were suggested by one or another result in ex- 
perimental genetics. The second model {mutations 
depending on cell division) was the one primarily 
considered by Penrose, It predicts an increase in mu- 
tation rates with age only in males and a higher mu- 
tation rate in germ cells of males than in females. 

Cell Divisions During Germ Cel! Development in Both 
Human Sexes. To improve predictions of mutation 
rates beyond the qualitatively correct but very general 
statement of Penrose, the number of cells and cell di- 
visions in the male and female germ line should be 
known. The widely scattered evidence in the litera- 
ture of various fields gives the following picture of 
early germ ceO development, oogenesis, and sperma- 
togenesis [138], 

Early Development. The human primordial germ cells emerge 
from the yolk sac 27 days after fertilization and begin to colo- 
nize the gonadal ridges. On day 46 of gestation the indifferent 
gonad undergoes sex differentiation and becomes an ovary or 
a testicle. 

Oogenesis. Oogenesis {Tig, 9.13) occurs only during fetal life 
and ceases by the time of birth. After sex differentiation the 
ovarian stem cells rapidly increase in number by mitotic di- 
visions. From the 2nd month of gestation onward variable 
numbers of oocytes enter the prophase of meiosis; oogonia 



persisting beyond the age of 7 months undergo degeneration. 
Leptotene and zygotene stages (Sect, 2.1,2. 4) are found be- 
tween the 2nd and 7th months. All stem cells are generally 
utilized by the time of birth; oogonia have been transformed 
into oocytes or have degenerated. 

The total population of germ cells in the embryo rises from 
6 X 10^ at 2 months to a maximum of 6.8 x 10^ during the 5th 
month. The population then declines to about 2 x lo*^ at birth. 
On the plausible assumption of proliferation by dichotomous 
divisions, an oocyte has passed throngli 22 divisions by the 
time of birth (Fig. 9,13), (2^^- 6,8 x 10“^) From birth until ma- 
ture age and fertilization the cell undergoes only two meiotic 
divisions, regardless of the age at which fertilization occurs. 

Spermatogenesis. Cell kinetics differs in spermatogenesis 
(Fig. 9,14). At the same stage of embryonic life at which the 
primordial germ cells give rise to oogonia in the female, they 
become gonocytes in the male. From the early embryonic 
stage until the age of puberty the tubules continue to become 
populated by so-called Ad spermatogonia (d = dark), and at 
about age 16 spermatogenesis is fully established. The number 
of Ad spermatogonia can be estimated in three different ways: 
from volumetric data; from their average number per tubular 
cross section and the length of tubules; and from the maxi- 
mum amount of sperm produced per day. These estimates 
give values ranging from 4.3 x 10^ to 6.4 x 10® per testis. An 
approximate estimate for both testicles is approx. 1.2 x 10^. 
This value can be reached by about 30 cell divisions. 

In contrast to oocytes, however, these Ad spermatogonia un- 
dergo a continuous sequence of divisions. Of the Iwo division 
products one cell prepares for the next division into two Ad 
cells, whereas the other one divides, giving two Ap (p - pale) 
cells. These develop into B spermatogonia and spermatocytes, 
which then undergo meiotic divisions (Fig. 9*14)- The timing 
of these cell divisions is well known, partly from in vivo stu- 
dies in young men* The division cycle of Ad spermatogonia 
lasts for about i 6 days* This makes it possible to estimate the 
number of cell divisions according to age (lable 9,10)* 

If this calculation is approximately correctj the num- 
ber of cell divisions that a sperm undergoes from ear- 
ly embryonic development until the age of 28 is about 
15 times greater than the number of divisions in the 
life history on an oocyte. At later ages in males this 
calculation would give still higher values. Such an ex- 
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Fig. 9 ,13, Oogenesis in the human female. All cell divisions - except the two meiotic divisions - are already finished at the time 
of birth; O cell atrophy 





Fig. 9.14, Cell divisions during spermatogenesis. The overall Ap (pale), spermatogonia; B, spermatogonia; Ph spermato- 
number of cell divisions is much higher than in oogenesis. cytes; © cell atrophy 
It increases with advancing age. Ad (dark), spermatogonia; 
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Table 9*10- Number of cell divisions in spermatogenesis 
(from embryonic development to meiosis; from Vogel and 
Rathenberg 1975 [138]) 

From embryonic age to puberty 

Ad -type spermatogonia 
(one division/cycle = 16 days) 

Proliferation + maturatioit 
Total 

At the age of 28 
At the age of 35 




Years of age 

Fig, 9.15, Cumulative distribution of cell divisions in sperma- 
togenesis and expected increase in the mutation rate with pa- 
ternal age. The distribution curve is derived from Kinsey's 
data on number of ejaculations at various age groups 



trapoiation would be dangerous, as the actual exami- 
nations on which the estimation is based were carried 
out in younger people. It is well known, however, that 
sexual activity as measured by number of ejacula- 
tions decreases as early as the 4th decade of life* 
Some data indicate that sperm counts at that age in- 
crease a little, but undoubtedly spermatogenesis de- 
creases with advancing age as shown in Fig* 9.15. 
Figure 9*15 would also give the cumulative distribu- 
tion of the number of sperm at ogonial divisions if 
slowing down of spermatogenesis were due to pro- 
longation of the division cycles of Ad spermatogonia* 
Other mechanisms, however, are possible: for exam- 
ple, some Ad spermatogonia could degenerate, while 
others continue to divide at the same rate. Surpris- 
ingly, the changes in human spermatogenesis with 
advancing age have almost never been examined by 
histological methods* 

Increase in Mutation Rate with Paternal Age. The 
foregoing digression into histology is necessary to 
understand the meaning of the increases in mutation 
rates with paternal age which are actually observed* 
Figure 9*16 compares the relative mutation rates with 
the population averages for different age groups of 
males for a number of conditions; in addition to 
achondroplasia, these are acrocephalosyndactyly 



(Apert syndrome) [11], Marfan syndrome [91], and 
myositis ossificans (a condition involving progressive 
ossification of the muscles) [126], Especially interest- 
ing is the increase for maternal grandfathers of 
sporadic cases of hemophilia A [52], 

In aO these series there were some problems with 
adequate control samples from the general popula- 
tion, as many population statistics give the number 
of newborns in relation to maternal but not to pater- 
nal age* However, the paternal age effect is so pro- 
nounced that small-scale inconsistencies in the con- 
trols do not influence the outcome substantially. 

All the curves in Fig, 9,16 have two features in com- 
mon: 

1* The mutation rate in the oldest age group is several 
times - approximately five times - higher than that 
in the youngest group. 

2* The slope of the increase curve tends to become 
progressively steeper with advancing age* 

The first characteristic is compatible with the as- 
sumption that the increase is caused by accumulation 
of cell divisions* The second one, however, is not 
compatible with such an assumption; rather, a flat- 
tening of the curve would be expected, at least if the 
division rate of Ad spermatogonia does indeed slow 
with advancing age. This discrepancy has not been 
resolved. 

Other Dominant Mutations for Which a Paternal Age 
Effect Is Possible. Conditions known or assumed to be 
dominant in which there are suggestions for a paternal 
age effect include; basal cell nevus syndrome, Waar- 
denburg syndrome, Crouzon disease, oculodentodigi- 
tal syndrome, and Treacher Collins syndrome [61]* 

Mutations Leading to Unstable Hemoglobins or Hemoglo- 
bin M and Paternal Age [ii5l- As mentioned in Sect. 7*3*2, he- 
moglobins M (= methemoglobin) and. unstable hemoglobins 
cause clinical syndromes transmitted as autosomal domi- 
nants* Stamatoyannopoulos collected worldwide information 
on pedigrees in which one of these hemoglobins occurred as 
a new mutation* In all, 50 cases were collected from 14 coun- 
tries; the individuals were born between 1922 and 1976, The 
overall average paternal age was 32.7 years, and the average 
maternal age 28*3 years. To compare the parental ages of the 
probands with those of the general control population the au- 
thors calculated for each year and each country the cumula- 
tive frequency distributions of the ages of all parents* The 
ages of each proband*s father and mother were then expressed 
as percentiles of these distributions. The distribution of pa- 
ternal age percentiles was shifted towards the upper end of 
the range; 11 of 50 paternal ages for the probands fell between 
the 90th and the looth percentiles (Fig* 9.17)* While this result 
suggests a paternal age effect, the difference from the control 
distribution was not significant* Adequate paternity testing 
was impossible in the majority of cases. The series may there- 
fore include an appreciable number of “false mutants" due to 
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Fig. 9.16. Mutation rates (relative to po- 
pulation averages) in various age groups 
of males and for a number of dominant 
conditions; also, maternal grandfathers 
of hemophilia A patients 



wrong assumptions of paternity. A new mutation of a single 
case of HbM was published; the father of the mutant child 
was 49 and the mother 37 years old. A new mutation for 
P thalassemia has been reported and documented unusually 
carefully [125]. Clinical and biochemical examinations of the 
child, who was 2 years old at the time of diagnosis, as well as 
of both parents and three siblings, left no reasonable doubt 
that the child's thalassenda was indeed caused by a new muta- 
tion; illegitimacy was excluded convincingly. The father was 
45 and the mother 44 years old at the time of the proband's 
birth. In the same year (1965) in Switzerland, the average pa- 
ternal age was 31 and the maternal age 28.2. While a single 
case report cannot replace a statistical survey, this result 
points strongly tovrard a paternal age effect. However, the 
knowledge that advanced paternal ages are more likely for 
new mutations would lead to publication bias in such isolated 
cases. 

Some Dominant Mutations Show Only a Small Pater- 
nal Age Effect. Penrose [100] noted that not all domi- 



nant mutations show a strong paternal age effect. 
Among those for which the effect is much less are 
the well-analyzed examples of bilateral retinoblasto- 
ma [26, 138] and thanatophoric dwarfism. In the lat- 
ter condition, according to evidence from a limited 
number of patients (u = 41) the effect appears to be 
smaller than in achondroplasia but stronger than in 
osteogenesis imperfecta [99]. Others include tuber- 
ous sclerosis, neurofibromatosis, and osteogenesis 
imperfecta. Figure 9.18 shows the data for these mu- 
tation rates. The increase with paternal age is not sig- 
nificant for the three latter conditions, which, how- 
ever, show a significant birth order effect, suggesting 
that paternal age probably plays a role. More recently 
this effect has been confirmed for neurofibromatosis 
[10]. Comparison of Figs. 9.16 and Fig. 9.1S suggests 
that not all autosomal dominant mutations have a pa- 
ternal age effect. There is heterogeneity. 
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The existence of a paternal age effect for lethal or 
semilethal mutation of X-linked genes has important 
consequences. One would expect to find such an ef- 
fect frequently among the maternal grandfathers of 
cases of such X-linked diseases on the assumption 
that the mutation occurs more frequently in the 
grandparent al than in the parental generation. Fur- 
thermore, if mutations were replication dependent, 
such mutations would be often found more in grand- 
fathers than in grandmothers since there are many 
more cell divisions in spermatogenesis than in oo- 
genesis* This problem was examined in two series of 
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77 cases with hemophilia A in which a new mutation 
could be expected [52], A significant increase in the 
mutation rate with grandpaternal age was indeed ob- 
served (Fig, 9,16 b), and this was confirmed in a later 
study. This is another argument in favor of a higher 
mutation rate in male germ cells (see below). 

Another X-Linked Disorder: Lesch-Nykan Syndrome 
(308000). The X-linked Lesch-Nyhan syndrome is 
caused by a defect of hypoxanthine-guanine-phos- 
phoribosyltransferase (HPRT), This defect can be di- 
agnosed not only in the male hemizygote but also in 
cells of the female heterozygote that show lyonization 
($ect*7,2.2*6). 

In a survey discussed below [34], five cases were 
found in which the mother of a patient was heterozy- 
gous, but the maternal grandmother was a normal 
homozygote* The mutation must therefore have 
originated in the maternal grandfather*s germ cell* 
The mean ages of both grandparents are shown in Ta- 
ble 9*11, They are much higher than those of the aver- 
age population in the United States, Hence a paternal 
age effect of the order of magnitude found in the 
other conditions reviewed above is very likely. 



93.4 Possible Sex Difference in Mutation Rates 



Fig* 9,17* Percentile distributions of ages of proband s^ fathers 
for new mutations of unstable hemoglobins or HbM. Expec- 
tation on absence of a paternal age effect would be five in 
each category. Note the high number of cases in the oldest 
group 90% of the population). (From Stamatoyannopou- 
los et al. (1981) [119]) 



If most mutations depend on cell divisions and DNA 
replication, one would expect not only an increase in 
the mutation rate with age in male germ cells but 
also an absolutely higher mutation rate in males 
than in females. The male germ cell undergoes a great 



Fig, 9.18. Small paternal age effect for some 
mutations: bilateral retinoblastoma, tuberous 
sclerosis, neurofibromatosis, and osteogenesis 
imperfecta 
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Table 9*11, Ages of maternal grandparents at birth of hetero- 
zygous daughters representing a new mutation for the HPRT 
defect (adapted from Francke et al* 1976 [34] 





Gran dfai her 


Grandmother 




27 


24 




35 


35 


5 families 


40 


31 




38 


32 




40 


39 


Mean ± SD 


36.0 ± 5.43 


32.2 ± 5.54 


Population average (USA) 


28.7 ±6.8 


25.9 ± 6.2 



many more cell divisions than does the female germ 
cell (Figs. 9,13, 9.14). 

This problem cannot be examined directly using 
dominant mutations of humans, as the individual 
mutation that shows up in the phenotype of a “spo- 
radic*' case cannot be located either in the sperm or 
in the ovum. For X-linked mutations, however, a test 
is possible. For X-Unked conditions - hemophilia A, 
Lesch-Nyhan syndrome, ornithine transcarb amylase 
deficiency and Duchenne-type muscular dystrophy - 
enough case material is avaOable; all four have been 
analyzed, but with contradictory results. 

Sex Difference in the Mutation Rate for Hemophilia A. 
Haldane [45], analyzing cases from a Danish popula- 
tion survey [2], was the first to postulate a higher 
mutation rate in male than in female germ cells. Ac- 
cording to Haldane [43], of all hearers of an X-linked 
recessive condition, a fraction (m): 

m = (p = mutation rate in female, v in 

2[i + y male germ cells; f = relative fertility 
of patients). 

must be sons of normal homozygous mothers, i. e., if 
there is a genetic equilibrium, their disorder must be 
due to new mutation in the mothers* germ cell. Muta- 
tions in mothers* germ cells are expected to lead to 
sporadic cases, i. e., individuals cases who are the 
only hemophilics in their sibships. Some isolated 
cases, however, are to be expected for statistical rea- 
sons even if all mothers are heterozygous. Their pro- 
portion is increased if, in addition, new mutants oc- 
cur. This proportion m can be estimated from family 
data. To avoid uncontrollable biases in the ascertain- 
ment of sibships with only one, and with more than 
one patient, however, the proportion of mutant males 
should be determined, whenever possible, in series of 
families that have been collected by complete (trun- 
cate) selection (Sect. 4.3.4). This means that within a 



predetermined time period all living hemophOics 
and their families within a defined population have 
been ascertained. 

In more recent times, the problem has been studied re- 
peatedly using slightly different methods. Vogel (1965) 
[133] used two different approaches: He tested the ex- 
cess of sibships with only one affected brother {and 
no cases among more remote relatives) and compared 
the quantitative distributions of factor VIII values be- 
tween mothers of sporadic cases and obligatory carri- 
ers. There was no such excess, and distributions of 
factor VIII values were identical in the two groups of 
carriers. Both sets of data suggest a very low mutation 
rate in female germ cells and, by implication, a higher 
rate in male cells (see also [134])- This result was con- 
firmed by studies using improved techniques. Winter 
et al. [148] estimated the male/ female mutation rate 
as approx. 10/1. Rosendaal et al. {1990} [113] analyzed 
the six data sets regarded by them as reliable, includ- 
ing their own data on virtually all hemophilia A famil- 
ies in the Netherlands. Using a refined statistical tech- 
nique, they concluded that the mutation rate is about 
3.1 times higher in male than in female germ cells, 
with a 95% confidence interval between 1.9 and 4.9. 
This result is supported by a limited number of obser- 
vations showing that the mutation originates more of- 
ten in the germ cell of the maternal grandfather than 
in that of the sporadic patient's mother. 

Hemophilia B. The problem is not yet resolved re- 
garding hemophilia B, While some studies point to a 
much higher mutation rate in male germ cells, others 
argue rather for approximately equal rates in both 
sexes. 

Ormthine Transcarbamylase Deficiency (311250). This 
disease is characterized by severe hyperammonemia; 
in addition to the male hemizygotes, some 17 % of fe- 
male carriers are also affected* Bonaiti-Pellie et al, 
[12] performed a segregation analysis [10]. They 
failed to find any indication for a deviation of the 
segregation rate from its expectation if all mothers 
are heterozygous [10]. This result indicates a higher 
mutation rate in male germ ceOs. 

Likely Higher Mutation Rate in Male Germ Cells 
Causing the Lesch-Nyhan Syndrome [34]. The ad- 
vanced age of maternal grandfathers in this condition 
has been mentioned. The disorder is so severe in 
males that they never have children; therefore their 
relative fertility (/) is o. The formula is simplified to 
m = 1/3 if p = V. With equal mutation rates in the 
two sexes, one-third of all patients in one generation 
should have homozygous normal mothers, their dis- 
orders being due to a new mutation in their mothers’ 
germ cell. 
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Epidemiological surveys of all families within a speci- 
fied population are not currently available. However, 
in this disease hetero zygotes can be diagnosed by lab- 
oratory examination. It was therefore worthwhile to 
determine whether one- third of all known cases do 
indeed have homozygous normal mothers. A colla- 
borative study [34] analyzed 47 families: 39 from the 
United States, 3 from the United Kingdom, and 1 
each from Canada, Belgium, Germany, Ireland, and 
Switzerland. In 27 families the only person affected 
was one male. In all of these cases the mothers were 
available for heterozygote testing, and only four 
were normal homozygotes. In the other 23 cases {as 
well as in all famiUes containing more than one af- 
fected), the mothers were heterozygotes. Obviously 
this proportion is less than the theoretically expected 
one- third. 

There are three hypotheses that would account for 
the high number of heterozygotes among the moth- 
ers: 

1. Since famOies were not located by an epidemiologi- 
cal survey, ascertainment may be biased in favor of 
families containing more than one case. 

2. There could be a reproductive advantage of hetero- 
zygotes or segregation distortion. 

3. There is a higher mutation rate in male germ cells. 
Both alternatives 1 and 2 appear unlikely. Hypo- 
thesis 3 of a higher mutation rate in the male 
germ cells is the most plausible explanation for 
these data. This hypothesis has since been con- 
firmed with additional cases and with an improved 
statistical method [35]. 

Fragile X Syndrome. In the Fra X syndrome, the most 
common X-linked type of mental retardation and one 
of the most common monogenic anomalies in hu- 
mans, new mutations exclusively in male germ cells 
were assumed to be based on statistical evidence 
[118]. More recently a novel molecular explanation - 
expanded alleles - has been found [29]. The problem 
is discussed in detail in Sect. 9.4.2}. 

No Sex Dijference in Mutation Rates in Duchenne 
Muscular Dystrophy. Another disease for which suffi- 
ciently large and carefully examined population sam- 
ples are available is Duchenne muscular dystrophy 
{DMD; 310200), Here the relative fertility (f) of the 
patients is, again, o. They never have children, and 
if the mutation rates in both sexes were equal, one- 
third of all patients would he likely to be sons of 
homozygous normal mothers. This problem has 
been studied repeatedly, with some contradictory re- 
sults [90]. Meanwhile, DNA marker profiles have 
been worked out which permit identification of indi- 
vidual grandpaternal and grandmaternal X chromo- 



somes; information from this source was included in 
the algorithm for estimating this sex ratio [41, 65]. 
After calculations regarding the numbers of observa- 
tions necessary for a precise result if the rate in males 
were five times that in females [69], a cooperative 
study was performed by many teams involved in 
DMD diagnosis. Of 295 sporadic cases, 196 had inher- 
ited their X chromosome from the maternal grand- 
mother and 99 from the grandfather. This result leads 
to an estimate of m = 1.04, with a 95 % confidence in- 
terval between 0.41 and 2.69 [89]. 

Hence, the overall mutation rate is virtually identical 
in the two sexes. DMD appears to he a special case: 
the mutation rate is unusuaOy high, very probably 
due in part to the unusual length of the dystrophin 
gene (Table 3.4), and the sex ratio differs from other, 
carefully analyzed mutations. Again, the explanation 
has come from molecular analysis of the mutants 
{see below. Sect. 9.4.2). 

Indirect Evidence for a Higher Mutation Rate in Male 
Germ Cells. The problem of differing mutation rates 
in male and female germ cells cannot he examined 
directly in autosomal- dominant conditions. However, 
inferential evidence may be derived from the increase 
in the mutation rate with paternal age in, for example, 
achondroplasia. If the paternal age effect is caused 
exclusively by the father*s age, which has been shown 
to be very likely [lOi, 106], the notion of equal muta- 
tion rates in the two sexes could not apply, even if all 
mutations in children of young fathers were due to 
mutation in female germ cells. If the mutation rates 
in young parents were equal in both sexes, the sur- 
plus of new mutations due to the paternal age eff^ect 
would bring about a much higher mutation rate in 
male than in the female germ cells. For details of the 
argument see Vogel [29]. 

Sex Difference in Mutation Rates of the Mouse. One 
would expect this problem to have already been 
solved in laboratory animals. However, the evidence 
is suggestive but not entirely conclusive. Only rela- 
tively scanty data from mice are available as a by-pro- 
duct of work on mutation induction with the multiple 
locus test. This method detects recessive new muta- 
tions in the by back-crossing with a test strain 
homozygous for seven recessive mutations 
{Sect. 11.1), Table 9.12 shows the data. The sex differ- 
ence is not very impressive. The seven mutations ob- 
served in females include a cluster of six mutants ap- 
parently due to a single mutation in the very early de- 
velopment of the ovary. If this cluster is counted only 
once, the mutation rate in females becomes 1.4 x 10“*, 
which is indeed much lower than the mutation rate in 
males. The hypothesis that the mutation rate in fe- 
males is lower than that in males is strengthened by 
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the remarkably low yields of mutations obtained by 
irradiation of females at low dose rates [116], 

Statistical Results and Mutation Mechanisms. The 
various results may be compared with the expecta- 
tions derived from the five mechanisms listed in Ta- 
ble 9,8. Prepubertal mutations (model 3} and muta- 
tions occurring after cell divisions have been com- 
pleted (model 4) can be excluded for the group of 
mutations with a strong paternal age effect Time de- 
pendent mutations (model 1) are also very unlikely 
for this category. For the group with a lower paternal 
age effect i a linear increase with time remains a pos- 
sibility, perhaps in combination with mutations in 
mature germ cells (model 5). Most of the data appear 
to suggest the cell division dependent model (2). The 
sex difference and the increase with paternal age are 
predicted by this model However, there are two as- 
pects that entail caution in accepting this mechanism 
entirely: 

n Failure to detect evidence of a strong paternal age 
effect in some instances, 

2. The slope of the age-dependent increase in muta- 
tions (in those diseases showing a strong paternal 
age effect) rises more steeply with advancing age. 

As shownj one would have expected a leveling off of 
the increase in mutations in the higher age groups. 
The evidence, however, is not decisive, as we know 
too little about the nature of changes in spermatogen- 
esis with advancing age. Nevertheless, the data sug- 
gest that the mutation process is somehow related to 
DNA replication and cell division. Perhaps the statis- 
tical data should not be pushed too hard; more de- 
tailed evidence can be expected from analysis at the 
molecular level. 



93,5 Germ Cell and Somatic Cell Mosaics 
for Dominant or X-Linked Mutations 

Pedigree Observations. If a mutation occurs during 
early development of the germ cells, a germinal mo- 
saic can be created> a more or less extended sector of 
the gonad bearing the mutation. This situation is 
well-known from mutation work with Drosophila 
melanogaster, and a “cluster” of mutants due to mu- 
tation in early stages of oocyte development in the 
mouse is mentioned in Table 9.12, In humans the 
chance of finding such clusters is very low; they can 
be detected only if a fairly large sector of the gonad 
is affected. The earlier in development the mutation 
occurs, the larger is the involved gonadal sector. The 
proportion of affected germ cells is 100% if the first 
stem cell already bears the mutation; it is if the 
mutation occurred at the first stem cell division, 



Table 9,12, Spontaneous single-locus mutations from wild- 
type (normal) in the mou^e (adapted from Searle 1972 [116]; 
Russell et al, 197^ [1^14]) 



Sex 


No, of gametes 


Mutations 


Frequency/ 




tested 




locus 


6 


649 227 


36 


7.9 X 10 “^ 


9 


202812 


7 a 


6.1 X 10 “^ 



^ Includes a duster of six. Alternative estimate based on one 
mutation (1.4 x 10“^), 




Fig. 9.19, Dependency of mutant germ cells on the stage of 
development of the germ cell at which the mutation occurred 



(Vj)'' if it occurred at the second division; and in gen- 
eral (jT if the mutation occurred at the ftTh division 
(Fig. 9,19). If the total number of cell divisions is of 
the order of magnitude estimated above (Sect, 9,3,3; 
Fig, 9,14), and the probability of mutation is equal 
for all cell divisions, the proportion of new mutations 
that occur in clusters, revealing germinal mosaicisms, 
is small but not negligible. If the mutation is domi- 
nant, occasional families in which both parents are 
normal but more than one child shows the mutant 
phenotype are expected. 

Occasional pedigrees have been described in which 
such a cluster is a possibility, for example, a large 
pedigree with aniridia [106] and a family with split 
hands and split feet [80]. It used to be very difficult 
to exclude the more trivial alternative of incomplete 
penetrance in one of the parents. Here again, diag- 
nosis at the molecular level has brought new infor- 
mation. Since it became possible to diagnose het- 
erozygous carriers of X-linked mutations such as 
those causing the muscular dystrophies (DMD, 
BMD) and hemophilia A, women have been discov- 
ered who are germ cell mosaics for these muta- 
tions. 

Families were earlier often observed in which more 
than one son was born to a mother who showed no 
signs of a DMD carrier status. At that time^ however, 
diagnosis of DMD had to be established exclusively 
on clinical grounds, and the carrier status could be 
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diagnosed in only a certain proportion of carriers. 
Therefore, two alternative exp anat ions were offered: 
either the sons suffer from a phenotypically identical 
autosomal- recessive disease, or they do have DMD 
and the mother is a carrier. Today the first alternative 
can be excluded at the protein level if a dystrophin 
defect is shown in the patient's iruiscles. As a rule> 
the second alternative cannot be excluded since the 
gonads of these women are not accessible. Mean- 
while, however, many mothers have been observed 
who were free of a deletion in the DNA of their white 
blood cells while their two sons carried the deletion 
[7]. In one mother the deletion was found in only 
some of her white cells [84]. In another mother of 
an affected son and of a carrier daughter, mosaicism 
was found in muscle but not in blood cells [142]. In 
the European collaborative study the proportion of 
mosaics among the mothers of sporadic patients was 
estimated at about 7% [90J. Therefore it would be 
wrong to give a mother of a sporadic DMD patient, 
who had been identified as noncarrier (by exam in a' 
tion of blood cells), a risk estimate of nearly o % for 
her next son. A precise risk estimate is impossible 
since the extent of germ cell mosaicism remains un- 
known. 

Mosaicism has also been observed in hemophilia A 
and appears to be as common as in DMD. For example, 
a severely affected hemophilia patient as well as his sis- 
ter had a deletion which was not present in the blood 
cells of their mother [38]. Occasional observations of 
mosaicism in several other diseases have been report- 
ed [20]. The problem must be kept in mind when par- 
ents of sporadic patients with autosomal-dominant 
and X-linked diseases ask for counseling. 

Somatic Mosaicism. Mosaicism caused by mutation 
occurs not only in germinal but also in somatic tis- 
sue. Such mosaicism might not affect only chromo- 
some number, as described in Chap. 10, but applies 
to gene mutations as well. The pattern of phenotypic 
manifestation of gene mutations, however, makes de- 
tection of such mosaicism very difficult. Still, there 
is at least one observation. During a population sur- 
vey on neurofibromatosis [22] four individuals were 
observed in which the neurofibromata were confined 
to one sector of the body, such as the extremities, 
the sacral area, and the back. In these four cases the 
family history was negative. They produced a total 
of six children, none of whom was affected. There- 
fore, these four individuals probably represent somat- 
ic mutations affecting relatively early stages of devel- 
opment. Further cases have since been described [83]. 

Half-Chromatid Mutations? G artier and Francke 
(1975) [36] suggested a special mechanism for the 
production of mosaics for point mutations: half- 



chromatid mutations (Fig. 9.20), As mentioned, 
many mutations seem to be due to a copy error in 
DNA replication. If such a copy error happens to oc- 
cur in the last DNA replication cycle before germ 
cell formation, the resulting germ cell contains a mis- 
matching base pair, for example, AG instead of AT 
{Fig. 9.20), In the first cleavage division A pairs with 
T, and G pairs with C, Therefore one of the two pro- 
ducts of this division has the base pair AT as before; 
the other one contains the new base pair GC and is 
mutant. 

Incontinentia pigmenti may be an example. The con- 
dition is probably caused by an X-linked dominant 
gene that is lethal in hemizygous males Sect. 4.1.4. A 
total of 593 cases have been described in females and 
six in males, who had normal XY karyotypes. The 
pattern of skin affection was similar in both sexes 
and resembled the patchy mosaic pattern exhibited 
by the heterozygotes for some X-linked genes in 
mice, hamsters, and cats. 

Moreover, the male cases were sporadic. The observa- 
tion that the affected males are phenotypically so 
similar to the females who are known to be mosaics 
due to the Lyon effect (Sect. 2. 2. 3. 3) makes it likely 
that males are also mosaics, and that the mutation 
occurred in an early stage of embryonic development. 
Half-chromatid mutation is a good possibility [77]. 



9.4 Gene Mutation: 

Analysis at the Molecular Level 

DNA analysis offers the opportunity to obtain more 
specific insight into the mechanisms of mutation. 
Here, recent studies using analysis at the gene-DNA 
level have provided new insights permitting us to an- 
swer some questions posed by statistical analyses that 
generally began at the qualitative phenotypic level. 
Results from both levels should be integrated to ob- 
tain a comprehensive model of reality. Here, answers 
to some intriguing questions have become easier 
while in other instances the situation is more compli- 
cated, and the answer less obvious, than assumed be- 
fore. A comprehensive survey of gene mutations has 
been provided by Cooper and Krawczak [20], These 
autors are also collecting data on spontaneous mu- 
tations in a database that is being updated continu- 
ously. 

9A1 Nucleotide and Codon Mutation Rates 

What is the probability that a particular nucleotide 
or codon mutates in a specific direction, so that one 
amino acid is replaced by another? 
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Fig»9,20, Principle of a half- chromatid 
mutation: the base replacement in one nu- 
cleotide half- St rand occurred during the 
last DNA replication before meiosis. In the 
first cleavage division the mutant half- 
strand gives rise to a cell clone having a 
gene mutation^ the normal half-strand 
produces a normal cell clone. The indivi- 
dual is a 1 : 1 mosaic 



First Examination of This Problem. One of the au- 
thors (AGM) noted previously [88]: 

Ideally, such calculations could be done most directly by de- 
termining the frequency of a given variant in a population 
followed by testing the parents* In most cases, one of the par- 
ents will have transmitted the variant to a child* In families 
where both parents are normal (keeping the possibility of 
false paternity in mind), it is assumed that a new mutation 
has taken place. 

At the time the following calculations were made, 
large-scale electrophoretic population studies were 
not yet available. Therefore the mutation rate had to 
be estimated in a more indirect way from the inci- 
dence of rare variants in the population (1:2000), 
the proportion of possible variants that could be de- 
tected by electrophoresis, and the few observed muta- 
tions for one specific group of variants, methemoglo- 
binemias due to the various types of HbM* 



Considering all these factors, the order of magnitude 
of a mutation rate for a specific nucleotide substitu- 
tion (p") in hemoglobins was estimated to be: 

p" = 2*5 X 10“^ 

meaning the probability for a base to be replaced by a 
specific other base, leading to replacement of a spe- 
cific amino acid by another one* The same indirect 
approach has been followed in a study in which new 
mutations for HbM and unstable hemoglobins were 
collected [115] (see also Sect* 9.3.3), and the number 
of cases observed in one country were compared to 
the total number of births in that country during 
one or two generations. The authors were aware that 
an estimate based on such slender evidence could 
give only a crude approximation. It presupposes, for 
example, that in these populations all cases born dur- 
ing a certain period had indeed come to notice* It is 
not clear, on the other hand, whether all cases inclu- 



Gene Mutation: Analysis at the Molecular Level 413 



ded in this study really were new mutants; paternity 
tests were performed in only 19 of the 55 observa- 
tions. With all these reservations, the mutation rate 
for individual nucleotides was estimated at 5,3 x 10“^ 
for de novo unstable hemoglobins, 10,0 x for Hb 
mutants, and 18.9 x 10 ^ for Hb mutants, giv- 
ing a nucleotide mutation rate of 7.4 x 10"^ for de 
novo j6?-chain mutations, based on unstable Hb and 
Hb mutants together. This estimate can be extra- 
polated to the entire Hb ^ gene (excluding, of course, 
mutations of other molecular types and, especially, 
those occurring outside the transcribed DNA seg- 
ment and leading to ^ thalassemias). The result is: 
8.6x10“^ per Hb /?-chain gene. To repeat: this is a 
very crude first approximation based on slim evi- 
dence with bold extrapolations. 

By a quite different - and also indirect - approach, 
the codon mutation rate was estimated from the rate 
of evolution of globin pseudogenes, since in the ab- 
sence of negative selection the codon replacement 
rate in evolution was shown to be equal to the muta- 
tion rate (see our discussions of Kimura's “neutral 
hypothesis,” Sect 14,2,3). The resulting estimate, 
5 X 10“^ is amazingly similar to the other estimates. 

Estimate with More Direct Data. Data from investiga- 
tions of a huge population sample of several hundred 
thousand persons are become available from Japan 
and have been used for a mutation rate estimate 
[92] . In a total of 539 000 single locus tests, from 
36 polypeptides, among which three spontaneous 
mutations were found, and after correction for the 
number of nucleotide s/gene, a mutation rate of ap- 
prox. 1 X 10 ® was estimated. Considering the very 
scanty evidence on which they are based, the various 
estimates agree fairly well. 

In a study designed to utilize blood spots collected during 
newborn testing for inherited metabolic disease, especially 
PKU (Sect.7.2.2.7), a new mutation of a Hb a variant, was 
discovered and confirmed by paternity testing among 
25 000 specimens tested for hemoglobin variants [1), Ideally 
this approach should cover the mutations at ten parental 
gene loci (1 /?, 2 ct, and 2 y from each parent), but not all mu- 
tations are ascertained by the electrophoretic method. 

Analysis at the gene- DNA level permits estimates that 
are based on more solid ground. For the factor IX 
gene, for example, a mutation rate of 3.2 x 10“^ per 
base pair was estimated [65], which was categorized 
into transitions (27 x 10“'*^), transversions (4.1 x 
10"^^), and deletions (0,9 x 10“^'*). Assuming that the 
factor IX mutations are representative, extrapolation 
to the entire human genome would give 8.0 transi- 
tions, 1,2 t ran svers ions, and 0.27 deletions per gen- 
ome, 0.19 of which may occur within coding regions. 
The estimate, however, does not take into account 



heterogeneity of mutational sites and, especially, the 
known high mutation rates in CpG islands (see be- 
low). 

How Do Nucleotide Mutation Rates Compare with Es- 
timates at the Phenotype Level? Comparison of these 
estimates at the DNA level with estimates based on 
specific phenotypes (Tables 9.6, 9.7) show that the lat- 
ter approach a frequency of 1 x 10“^ within one order 
of magnitude. However, these rates concern the rela- 
tively frequent phenotypes that are well suited for 
mutation rate calculations. As shown, the average mu- 
tation rate for visible pathological phenotypes is 
probably closer to 1 x 10“^ than to 1 x 10“^ per gamete 
or lower {Sect. 9,3,2), This value is about 40-400 times 
higher than the nucleotide mutation rate estimates, 
but at first glance seems to compare well with the ex- 
trapolations for the Hb ^ gene. For other genes, for 
example, the retinoblastoma and factor VIII (hemo- 
philia A) gene, the phenotypic mutation rate is much 
lower than the additive sum of individual nucleotide 
mutation rates would suggest. This may be principally 
due to the fact that only a fraction of mutations lead- 
ing to amino acid replacements cause such a severe 
impairment of protein function that a disease ensues. 
Moreover, mutations of the same gene must lead to 
identical or even similar phenotypes. However, the 
phenotype produced by a mutation depends on the 
specific functional alteration of the protein concerned 
(Sect, 7,3). Mutation within hemoglobin genes may, for 
example, lead to hemolytic anemias, methemoglobi- 
nemia, erythrocytosis, or may not be associated at 
all with any clinical symptoms, 

9.4.2 Various Molecular Types of Mutation 

Single Base Pair Substitutions. Analysis at the DNA 
level has revealed various types of mutations, starting 
with those causing hemoglobin variants [74]. In re- 
cent years mutations of many other genes [20] have 
been described. The most common type are single 
base pair substitutions. Depending on the kind of 
substitution, these are subdivided into transitions 
and transversions: the replacement of a purine by 
the other purine or of a pyrimidine by the other pyr- 
imidine is a transition; replacement of a purine by a 
pyrimidine or vice versa is called a transversion. 
Four transitions and eight transversions are possible 
(Fig. 9,21), If the direction of mutations were random 
and all base replacements occurred with identical 
probabilities, one-third transitions and two-thirds 
transversions would be expected. 

Missense mutations change the nucleotide sequence 
so that another amino acid is found in the resulting 
protein. A classic example is the amino acid substitu- 
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tion of valine for glutamic acid in the sixth position 
of the Hb ^-chain which leads to sickle cell hemoglo- 
bin* 
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A base replacement in the second codon position, 
T — ^ A, changes the glutamic acid codon into a valine 
codon. Since T is a pyrimidine and A is a purine, this 
is a trans version* (It has become customary to de- 
scribe not the actual DNA codons but their antico- 
dons in such representations* See also the table for 
the genetic code (Table 3.2)* 

In other instances^ the base sequence may be changed 
at the third base position of a “degenerate” codon so 
that a new codon specifies the same amino acid* 
This is a “same-sense” mutation without phenotypic 
effects. If the mutation transforms a sense codon 
into a stop codon, a “nonsense” mutation results. 
Single base pair changes may also occur in stop co- 
dons, leading to protein chain elongations up to the 
next stop codon (the classical first example in hu- 
mans is Hb Constant Spring; see Sect*4.7*3*i)* Fur- 



ther, they can occur outside the coding region of the 
gene, for example, in the promoter regions, in initia- 
tion codons, in the mRNA splice junctions - all with 
various phenotypic effects. For examples see Sect 7*3 
(hemoglobin; see also [20]). 

Transitions Are Especially Common. Spontaneous 
base replacements do not occur at random. Inferring 
nucleotide alterations in hemoglobin variants from 
amino acid substitutions using the genetic code, it 
was shown in 1965 that in hemoglobin genes, transi- 
tions are much more frequent than would be expec- 
ted with random replacement [139]* This result was 
later generalized for mutations fixed in various genes 
during evolution [137], 

When direct assessment of mutations at the DNA le- 
vel became possible, the increased occurrence of 
transitions was confirmed for many other genes. 
Among 880 directly identified point mutations in 
various genetic diseases; 275 transversions (31.3 %) 
and 605 transitions (68.7%) were countecb compared 
to the expected 33*3% for transitions [20]* Some of 
these transitions could be explained by a defined bio- 
logical mechanism. In various parts of the genome 
the DNA sequence — C — G — is found. In most 

III III 

— G — C — 

areas, however, such so-called CpG sequences are 
much rarer than would be expected if base sequence 
were random, CpG sequences are found primarily in 
the CpG “islands,” often outside the 5" ends of coding 
genes, particularly in “house-keeping” genes. In parts 
of the genome cytosines are methylated; they are re- 
placed by 5-methylcytosine. 

This methylation appears to be important for gene 
action, but a methylated cytosine - especially if adja- 
cent to a guanine - has an increased risk of being 
deaminated (Fig. 9*22). Such deamination leads to 
thymine, which in the next round of DNA replication 
pairs with adenine, not with guanine, A transition 
has occurred. This appears to be the reason why 
CpG base pairs are relatively rare in the genome - ex- 
cept at the above-mentioned CpG islands* In these is- 
lands cytosines are not methylated* The mutation rate 
is therefore not increased, and these islands have 
been maintained in evolution* They may be “the last 
remnants of the long tracts of non-methylated DNA” 
(Bird, cited in [20]}* 

Obviously the C T mutation suggested by this 
mechanism is a transition, and indeed 289 of the 
605 transitions cited above have occurred within 
CpG dinucleotides (outside CpG islands). This muta- 
tion therefore explains much, but not all, of the abun- 
dance of transitions. There remain 316 transitions 
and 275 transversions - not one-third but more than 
one-half transitions* Thus, other mechanisms must 
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be considered* The bases surrounding the mutational 
site appear to be important. Some observations of in- 
dependent, repeated, identical mutations suggest that 
in human genes, just as in the genome of more primi- 
tive organisms, mutational hot spots may exist* So 
far, however, hot spots outside CpG dinucleotides 
have not been characterized sufficiently well in mole- 
cular terms. Among mutations in hemoglobin genes 
leading to amino acid substitutions, no clear indica- 
tion for such hot spots has been found. 

Mutation Mechanisms^ Paternal Age Effect, and Sex 
Difference. The increase in certain gene mutations 
with paternal age seemed understandable if mutations 
were often caused by a copy error during DNA repli- 
cation. This concept was never perfect since it did 
not predict an increase in the slope of the curve with 
increasing age* Nevertheless, the copy error hypoth- 
esis was the best explanation not only for the paternal 
age effect but also for the proportionally greater num- 
ber of mutations observed in male than in female 
germ lines. Since spontaneous deamination of methy- 
lated cytosine is believed to be a time -dependent and 
not a replication-dependent process [20], a quasilin- 
ear increase in mutation rates with age regardless of 
sex would be expected* Auxiliary hypotheses are of 
course possible, such as age - and sex-dependent 
changes in efficiency of DNA polymerases or repair 
processes, or an influence of DNA on chromatin con- 
figuration in dividing and nondividing cells. More- 
over, results in micro-organisms suggest replication 
dependence of most spontaneous mutations [28]* 
Probably an appreciable fraction of mutations - espe- 
cially in male germ cells - are nevertheless replication 
dependent, since the statistical data are convincing. 
The precise mechanisms remain unknown. 

Deletions [20], Mutational mechanisms were first elu- 
cidated in hemoglobin genes leading to hemoglobino- 
pathies and thalassemias (Sect. 7,3). The great majority 
of these mutations were single base pair substitutions, 
but occasionally one or several base pairs were de- 
leted, When data from other genes became available j 



similar results were obtained A relatively small pro- 
portion of deletions {compared to single base muta- 
tions) were found in most but not in all diseases. In 
hemophilia A, for example, we know of 77 point muta- 
tions and 10 deletions* Since independent but identi- 
cal mutations are counted only once> and because 
point mutations often have not been identified with 
sufficient precision, this figure may be biased in favor 
of deletions. Antonarakis (1988 [3]} estimated the frac- 
tion of deletions for the factor VIII and factor IX genes 
at about 5% [84], Even lower frequencies were later 
shown (i%-2%) [20, 84], In hemophilia B, deletions 
also appear to comprise a small percentage of all mu- 
tations [65]. For the HPRT deficiency there were 
40 single base pair substitutions and 9 deletions. 

The situation is quite different for mutations of the 
dystrophin gene causing Duchenne muscular dystro- 
phy* Here the majority of mutations (approx. 60 %- 
70%} have been identified as deletions [25, 66-68], 
Duplications have also been found, although at a low- 
er frequency* Several point mutations have been iden- 
tified* The distribution of deletions within this gene 
is decidedly nonrandom. 

Deletions and Sex Ratio of Mutation Rates. Mutation 
rates of the genes for factor VIII, probably factor IX, 
and the HPRT locus appear to be higher - probably 
much higher - in male than in female germ cells. 
Among mutations of the dystrophin gene, on the 
other hand, no such a sex difference has been found; 
here the over-all mutation rate may be very similar 
in the two sexes. This suggests a difference in the un- 
derlying mechanisms. While the great majority of 
mutations are usually single base pair replacements, 
dystrophin gene mutations are generally deletions* 
This suggests that single base substitutions may oc- 
cur more often in the male than in the female germ 
line and may increase with paternal age* In contrast, 
deletions occur with equal frequencies in the two 
sexes, possibly even somewhat more commonly in fe- 
males. To test this hypothesis Grimm et aL [41] com- 
pared the sex ratio of deletions and nondeletions in 
a comprehensive data set of dystrophin mutants. De- 
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Fig* 9^23. Pathways for single base errors during DNA repli- 
cation as a result of a misinsertion event (Cooper and Kraw- 
c^ak 1993 [20]; from Kunkel) 

let ions were more common m females; nondeletions, 
presumably mostly point mutations, were more com- 
mon in male germ cells, A similar result was reported 
for factor IX mutations: the mutation rate for point 
mutations was higher in males, whereas approximate- 
ly equal mutation rates in the two sexes were found 
for deletions [64], Interpretation of such results in 
molecular terms will become possible by elucidating 
the molecular mechanisms of deletion (see below)* 

Molecular Mechanisms of Deletions. Slipping and 
pairing of structure homologous but not position 
homologous DNA sequences leads to unequal cross- 
over (Sect, 5*2,8) and has often been discussed as the 
cause of deletions and duplications* Results of such 
slipping have been known for a long time: Lepore 
and anti- Lepore hemoglobins {Sect* 7,3), some rare 
haptoglobins (Sect* 5*2*8), and the color vision pig- 
ment genes (Sect* 15*2.1*5)* When analysis at the gene 
DNA level became possible, such events were seen to 
be more common than anticipated* Further insights 
can be expected from analysis of the DNA sequences 
around the deletion breakpoints* It was shown, for 
example, that such areas often have Alu sequences 
(see also Sect* 3*2; Fig* 3*30) [20]* Three possibilities 
have been discussed: (a) recombination occur be- 
tween one Alu repeat and a nonrepetitive DNA se- 
quence that has sequence homology with the Alu re- 
peat, (b) crossover takes place between Alu sequences 
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Fig* 9.24* The slipperage misp airing model fur the genera- 
tion of deletions during DNA replication, (a) Duplex DNA 
containing direct repeat sequence, (i?) Duplex becomes sin- 
gle-stranded at replication fork, (c) Rz repeat base pairs 
with complementary Ri' repeat producing a single-stranded 
loop, (d) Loop excised and rejoined by DNA repair enzymes. 
{e} Daughter duplexes, one of which contains only one of the 
two repeats and lacks the intervening sequence between Ri 
and Rz. (Efstratiadis et al. 1980; from Cooper and Krawczak 
1993 [20]) 



oriented in opposite directions, (c) recombination oc- 
curs between Alu sequences oriented in the same di- 
rection (Figs, 9*24-9.28). 

However, not ail deletions are mediated by Alu se- 
quences; other types of repetitive sequences such as 
short, direct repeats are also involved. Figure 9*24 
shows a possible mechanism ("slipping'' between 
two structure homologous repeats)* So far it is not 
known whether the obviously unequal distribution 
of deletion breakpoints, such as in the dystrophin 
gene, can be explained by a corresponding distribu- 
tion of repetitive sequences* Often the point of re- 
combination is not "clean"; new bases may be intro- 
duced, and duplications of the target site are frequent 
[20]. The length of the deleted segment may vary, but 
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Fig. 9.25. Deletion breakpoints within the Alu consenses se- 
quence for mutations in the LDLR (unshaded arrowheads) 
and Hb^ genes (shadowed arrowheads). Solid harst regions 



1 & 5: 0.8 kb 
3: 5.0 kb 
6&7: 7.8 kb 
8 6t10: 5.5 kb 

of the Alu sequence that correspond to the RNA polymera- 
se III promoters A and B. (Cooper and Krawczak 1993 [20]; 
after Lehrman) 




Fig. 9.26. Deletions involving Alu sequences in the human 
LDLR gene causing hypercholesterolemia. Vertical black 
barSy exons; horizontal arrows, extent of the deletions; arrow- 



headst position and orientation of Alu sequences. (Cooper 
and Krawczak 1993 [20]; data from Lehrman and Horst- 
hemke) 
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Fig, 9.27, Recombination between Alu sequence elements 
generating a 5.5-kb deletion of the LDLR gene. Black, hatched 
boxes, right and left arms of Alu consensus sequences, re- 
spectively; arrows, orientations of he left and right arms of 



the Alu repeats. Joining of the two Alu sequences is accom- 
plished as a staggered break, and a new T nucleotide is 
inserted at the deletion. (From Cooper and Krawczak 1993 
[20]; data from Lehrman) 



short deletions are much more common than longer 
ones (see Fig. 9.30}, The question of tvhether there 
are hot spots has been discussed for deletions. The 
distribution of deletion breakpoints in dystrophin de- 
letions suggests the existence of such hot spots. 



Insertions, Duplications, and Inversions [20]. Struc- 
tural changes other than deletions have also been ob- 
served, albeit more rarely. While unequal recombina- 
tion is one mechanism for forming deletions^ dupli- 
cations are also expected. Theoretically these should 
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Fig»9*i9. Deletion/duplication lesions in the Factor VIII (FS) 
gene causing hemophilia A. Only the portion of the F8 gene 
spanning exons 21-26 is shown, (a) Wild-type gene; (b) 39- 
kh deletion of intron 22 and exons 23-25 {dotted lines, deleted 
region), (c) Duplication of 23 kb of intron 22 inserted into 
intron 23 (duplicated gray region). (Observation by Gitschier; 
from Cooper and Krawczak 1993 [20]) 



be just as common. In fact, however, duplications ap- 
pear much rarer, although among mutations in the 
dystrophin gene a small number, about 10% of the 
deletions, have been observed. They may lead to dis- 
ease, and many examples have been documented 
[56], Insertions often consist of only a few base pairs. 
Their location appears to be nonrandom; mechan- 
isms may be similar to those discussed for duplica’ 
tions. Inversions have also been described. For exam- 
ple, a compound y-d-/3 thalassemia observed in India 
was explained by a complex inversion: two gene seg- 



Fig.9,28. Possible mechanism for the 
5.5-kb LDLR gene deletion involving the 
formation of a loop between inverted 
repeat sequences located on the same 
DNA strand. Shaded, unshaded boxes, 
right and left arms of Alu consensus 
sequences, respectively (From Cooper 
and Krawczak 1993 [20]) 



ments were deleted while the intervening segment 
was inverted [60]. 

Mutations Leading to Hereditary Diseases by DNA 
Triplet Expansion [16, 110]. In an increasing number 
of hereditary diseases a new and unexpected type of 
mutation has been discovered: the amplification of 
repeats of a motif consisting of three bases. These 
diseases include Huntington disease [79] (143000; 
see Sect. 3. 1,3. 8 for the gene and Sect. 4.1.2 for age at 
onset), myotonic dystrophy [14, 47] (160900; see 
Sect. 4,1.7 for anticipation), Fragile X mental retarda- 
tion (309550), fragile XE mental retardation syn- 
drome, spinobulbar muscular atrophy (SBMA; Kenne- 
dy disease; 313200) [1556], and spinocerebellar ataxia 
type I In two of these diseases, Huntington disease 
and myotonic dystrophy, an unusually wide range in 
the age at onset has been observed, and in pre- Men- 
del ian times anticipation was suggested as an expla- 
nation for these findings (Sect 4.1.7). Moreover, in 
both of these diseases genomic imprinting has been 
observed (Sect 4.1.7; 8.2): in Huntington disease early 
onset is correlated with inheritance of the mutant 
gene from the father; in myotonic dystrophy onset in 
the neonatal period (congenital type) may be ob- 
served with maternal transmission. 

The relatively common Fra X syndrome has a fragile 
site near the tip of the long arm of the X chromosome 
(q28), visible in culture media lacking folic acid. 
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short human gene deletions. 
(From Cooper and Krawczak 1993 
[20]) 




While the mode of inheritance of the fragile X syn- 
drome is undisputably X- linked, only about 80% of 
males identified as hemizygotes by pedigree analysis 
are mentally retarded. About 30 % of female heterozy- 
gotes are mentally retarded; when their sons inherit 
the mutant gene, they usually show mental retardation 
{Chap. 15). This could also occur, however, in sons and 
daughters of clinically unaffected carrier women. 

In distinction to the other syndromes, three pheno- 
types are observed; persons with the normal number 
of repeats are normal in every respect. A group of in- 
dividuals with an increased number of repeats (ap- 
prox, 60-200) are also normal. When snch a some- 
what expanded X chromosome is transmitted to a 
daughter, she is clinically normal, but amplification 
occurs in her germ cells, and her sons will be affect- 
ed; daughters may also be mentally retarded. These 
findings explain the peculiarities of the mode of in- 
heritance, especially among the approx. 20 % clinical- 
ly unaffected male transmitters. These carry the ""pre- 
mutation” with an increased number of repeats, 
which turns into a full-fledged mutation in the germ 
cells of their daughters, causing mental retardation 
among the grandchildren. 

The severe mental retardation in this syndrome is as- 
sociated with a blocked transcription of the 
gene. There is excellent correlation between the num- 
ber of repeats and the extent of mental retardation 
(see Table 9.13). 

Kennedy disease, which is rarer than the other three, 
usually manifests clinically in adult age, and, as in 
the other conditions, affects the central nervous sys- 
tem, Here the gene involved specifies an androgen re- 
ceptor, In the three others, the precise function of the 
genes has not been elucidated, but in myotonic dys- 
trophy and in Huntington disease the protein se- 
quence is known. In Fra Xi the functional distur- 



bance of the gene appears to be caused by abnormal 
methylation upstream of its 5' end [97], which may 
occur early in prenatal development [27], These re- 
sults raise the question of how common such triplet 
repeats are in the normal human genome, and where 
they occur. Richards and Sutherland [110] reported 
no less than ten such repeats in various genes, three 
of which are in coding regions. Repeat length varied 
between 3 and 11. The mutation mechanism by which 
such repeats are produced is unknown, and no really 
convincing model has been proposed so far. However, 
there is a high degree of variability of repeat length in 
the normal population (Figs. 9.31; 9.32; 9.33), and dif- 
ferences among population groups of different racial 
origin have been described [13], Once a certain length 
has been achieved, the repeat number per allele be- 
comes unstable. Various repeat lengths have been ob- 
served in patients from the same families, despite the 
fact that all these genes obviously had a common ori- 
gin, Moreover, clinical parameters snch as age at on- 
set and severity of the disease are influenced nega- 
tively when the number of repeats increases, although 
such correlations are not sufficiently striking to be 
used for clinical prognosis regarding age of onset in 
Huntington disease. The same changes in repeat 
number may also occur in somatic tissues [150], It 
seemed that most changes would occur in one direc- 
tion only, i.e.j increase in the number of repeats, but 
this could easily be caused by ascertainment bias 
since most families are ascertained by severely affect- 
ed patients in the younger generation. Moreover, a re- 
duction in repeat lengths has occasionally been ob- 
served [96], 

DNA Triplet Expansion. In each of these diseases, an 
unusual expansion of a repetitive sequence of DNA 
triplets has been found which is also present in nor- 



Table 9.13, Disorders of trinucleotide repeat expansion (adapted from Mandel 1993 [81]) 
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FMR-1 - Fragile X Syndrome 




AR - Kennedy Disease 




DM-1 - Myotonic Dystrophy 




( AGC)r^ 



hd - Huntington Disease 




Fig*9*3i, Amplification mutants in four hereditary diseases: 
Fra X syndrome, Kennedy disease, myotonic dystrophy, and 
Huntington disease. In the Fra X syndrome three states can 
be distinguished (affected; carrier, normal)* In the others, af- 
fected and normal individuals can be distinguished {black, 
normal; hatched, affected). The space between (white) indi- 
cates the unstable region. Numbers (right of triangles), range 
of repeat numbers. (From Richards and Sutherland 1991 
[110]; supplemented) 



mal individuals but with a more limited number of 
repeats. In both Kennedy and Huntington diseases 
the amplified sequence is located within the coding 
sequence of the gene; in the other conditions it has 
been found outside the coding sequence - in myoton- 
ic dystrophy, it is localized downstream of the end 
(Fig* 9.31}. The expansion is (AGC)^^ in Kennedy dis- 
ease and in myotonic dystrophy, {CCG)^^ in Fra X, 
and (CAG)n in Huntington disease* Interestingly, in 
Kennedy and Huntington diseases, where transcrip- 



tion occurs, the elongated portion of the protein con- 
sists of a polyglutamine sequence. Such polygiuta- 
mine sequences are also present in the normal pro- 
tein gene products, as implied by the repeat numbers 
of trinucleotides in unaffected individuals* This ob- 
viously poses the question regarding their usual 
function, particularly in the brain. Such glutamine 
stretches have also been found in transcription fac- 
tors, for example, in Drosophila [81]* 

In the Fra X syndrome there appears to be no gene 
product* This finding may be caused by abnormal 
methylation of the region containing the repeat 

[97]. 

Origin of the Mutations. Kennedy disease is very rare; 
myotonic dystrophy and Huntington disease are 
moderately common 1:7000) and the Fra X syn- 
drome is quite common (~ 1 : 2000), Therefore the 
mutation rate leading to the unstable state of the 
triplet in Kennedy disease is obviously quite low* 
The same appears to be true for the mutation lead- 
ing to Huntington disease (see the discussion in 
Sect* 3*1* 3-S). Many patients with this condition come 
from large families that can be traced back many gen- 
erations. In a few instances when a new mutation ap- 
peared possible, this assumption was refuted by di- 
rect study of the gene. Recently a number of new mu- 
tants for Huntington disease have been discovered; 
they appear to occur in paternal germ cells; these 
men were shown to have an unusually high repeat 
number in the normal range, and paternal age may 
be increased [39]* Mutation rate estimates for myo- 
tonic dystrophy from Northern Ireland and Switzer- 
land were available before the nature of the defect 
was known (-- 1 x 10^; see Table 9*6)* These data will 
need to be revised in the light of the new results. On 
the basis of strong linkage disequilibrium with DNA 
markers it has been postulated that most families 
with myotonic dystrophy originated from a single 
mutation [47]. 

For Fra X syndrome, Sherman et al. (1984) [118] pos- 
tulated an unusually high mutation rate exclusively 
in male germ cells. Vogel [136, 137 a] suggested a fair- 
ly high mutation rate and a selective advantage due 
to increased reproduction of clinically unaffected fe- 
male carriers* Such an increased reproduction was 
actually shown [141]* In comprehensive studies of ap- 
parently unrelated Fra X families from various popu- 
lations (Australia, France, Spain, North Africa, and 
others), strong linkage disequilibrium with closely 
linked DNA markers was found [99, 111] which were 
transmitted together with the {CGG)„ repeat much 
more often than in the general population. Linkage 
disequilibrium may have either of two different cau- 
ses (see Sect 5.2.4), Either the mutation originated 
in a chromosome carrying the marker haplotype. 



422 Mutation: Spontaneous Mutation in Germ Cells 




Fig. 9.32. Instability of premutat ional alleles for the Fra X syn^ NumberSf number of repeats in each of the two alleles. Enlarge - 

drome, □, Oj Normal (phenotypkally and genotypically); ment occurs during transmission from the mother, (Model 

affected; K #» heterozygotes for a premutation allele. pedigree; from Caskey et al. 1991 [id]) 
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Fig, 9,33. Distribution of sizes of expansion 
(number of repeats) of the unstable triplet repeat 
by type of myotonic dystrophy. (From Harley et 
al. 1992 [47]) 



and not enough time had elapsed since the time of 
the mutational event for dilution of this association 
by crossing over, or the entire haplotype has a selec- 
tive advantage. In Fra X - and also in myotonic dys- 
trophy - the common origin theory appears more 
convincing. Scientists who discovered this linkage 
disequihbrium therefore concluded that the muta- 



tions originated m very few individuals [99^ uij> sug- 
gesting a very low mutation rate, Kennedy disease, 
being rare> does not really create a problem. The mu- 
tation rate must be low, and moreover there is strong 
selection against this mutation due to its effect on the 
phenotype of affected males. In Huntington disease 
there is independent evidence for a very low mnta- 
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tion rate. It has often been discussed whether affected 
patients may even have had a selective advantage un- 
der the living conditions of earlier times. But what 
about the Fra X syndrome? Affected males do not re- 
produce. This, together with the reduced reproduc- 
tion by affected females creates an appreciable selec- 
tive disadvantage, which must have been compensa- 
ted someway It is very doubtful that the advantage 
of nonaffected carrier women [141] was sufficient to 
allow a few mutations to spread all over the world, 
leading to the unusually high incidence of the Fra X 
syndrome. Alternative explanations include: 

1. The entire haplotype, including the FraX muta- 
tion, has a selective advantage compared with 
other hapiotypes containing this mutation. 

2. Mutations leading to an increased (and unstable) 
number of (CGG)^ repeats are more common in 
the neighborhood of certain DNA sequences, as 
shown for point mutations [20]. 

3. The carriers of the premutation, i.e. those carrying 
a moderately increased number of repeats, had an 
unknown selective advantage in the past. In some 
instances, this premutation may be carried through 
many generations without being converted into the 
full mutation. 

Table 9.13 presents an overview of the most important 
findings in diseases caused by trinucleotide repeats. 

Biological function of trinucleotide repeats. - These 
trinucleotide repeats raise the question as to their 
normal function: they are present in small numbers 
in many normal genes, and their amplification leads 
to diseases mainly affecting the nervous system. 
This suggests the hypothesis that a “normal”, rela- 
tively small repeat number may have something to 
do with the normal function of these genes within 
the nervous system. Brahmachari et al. have brought 
forward the hypothesis - and have given some ex- 
perimental evidence - that such triplet repeats may 
act as modulators for “fine-tuning” of transcription 
[5a]. 



9A3 Mutations in Micro-organisms: 

Their Contribution to Understanding 
of Human Mutation 

Mutations as Errors of DNA Replication, Data on hu- 
mans suggest a close relationship between mutation 
and cell division. Examination of this problem was 
triggered by the mechanism proposed by Watson 
and Crick (Fig. 9,34) [145] and by early research in 
micro-organisms indicating that many spontaneous 
mutations do indeed occur during DNA replication, 
and that erroneous introduction of the wrong nucleo- 



ADENINE THYMINE 





Fig. 9.34. Mechanism of point mutation by base replacement 
as suggested by the Watson -Crick model, A base may occa- 
sionally and for a short time assume a rare tautomeric con- 
figuration and pair with another base rather than with its 
usual partner, for example adenine with cytosine instead of 
with thymine. By the time of the next replication cycle both 
bases will have attained their most probable configuration 
and will pair with their usual counterparts. Hence the two 
double helices of the next generation are different; a point 
mutation has occurred. (Watson and Crick 1953 [145] 



tide base leads to a different base pair in future cell 
generations. These results are described in [20, 
28]. 

As expected, amino acid substitutions due to sponta- 
neous point mutation within the tryptophan synthe- 
tase A locus of E,coli are compatible with the ex- 
change of one base, just as the hemoglobin point mu- 
tations [149]. 

Mutations in dividing and nondividing bacteriophage 
T4 rll mutants have been examined extensively [28]. 
The great majority of mutations have arisen by repli- 
cation-dependent processes, and most are frame- 
shifts. They are especially frequent in two hot spots; 
when these are excluded from consideration, the ratio 
of frameshifts to single base substitutions is reduced 
from 3,3 to 1.6. Evidence in favor of the replication 
dependence of mutations in bacteria has been pre- 
sented by Kondo [69]. 

We may conclude that in micro-organisms many mu- 
tations, perhaps even the great majority, are replica- 
tion dependent. Not all replication- dependent muta- 
tions, however, are caused by the exchange of one 
base: DNA replication also seems to enhance the risk 
of frameshift mutations. 
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Mutator Genes. Demerec in 1937 [24] described “un- 
stable” genes in certain stocks of Drosophila melano- 
gaster. Since that time numerous examples of geneti- 
cally determinedj unusually high mutation rates have 
been observed in both eukaryotes and in prokar- 
yotes* Often the enhanced mutability can be traced 
back to the influence of a “mutator gene*” Analysis 
of the action of such mutator genes has provided va- 
luable information on the interaction of various fac- 
tors (polymerases, repair processes^ etc*) [28, 85] in 
the mutation process* For human point mutations in 
germ cells, no evidence for the actual occurrence of 
such mutator genes seems to exist* Careful search for 
the extremely rare human families with two muta- 
tions would be of interest For. mutations in single 
cells, however, mutator genes have been identified 
(see below)* 

Mutationlike Events Due to Exiranuclear Entities Such as 
Viruses and Transposons. Spontaneous mutation is discussed 
above with reference to classical conceptSj i*e., assuming a 
genetic change (base replacement; deletion; recombination) 
within nuclear DNA. However, in discussing results on the 
structure of chromosomes and DNA in humans (Chap* 3) we 
also mentioned transposons - or “jumping genes*” Their ef- 
fects cannot be distinguished phenotypically from those of 
classical mutations. Transposons appear to play a role in the 
appearance and transmission of germ cell mutations in hu- 
mans; de novo insertion of a (transposonlike) Li sequence 
has been reported in hemophilia A [63]. 

Latent viruses can be transmitted vertically from generation to 
generation with no ill effects* They may nonetheless affect the 
physiology of their host. All King Edward potatoes carry the 
pa racr inkle virus without pathological lesions, but plants freed 
from the virus look different from the ordinary stocks and give 
a higher yield* In human in vitro systems certain pathogenic 
viruses, such as German measles virus, have been shown to in- 
duce chromosomal aberrations [8, 48!. Such aberrations could 
have been induced in germ line chromosomes (first meiotic di- 
vision) of the male mouse. As long ago as 1963, Taylor [122] dis- 
covered that the phage Mu of E. coli induces many gene muta- 
tions at various sites. Later the Mu phages were identified as 
transposons. In some phages most “spontaneous” mutations 
are in fact caused by transposons* More recently it has been 
discovered that animal viruses such as SV 40 and polyoma 
virus are able to induce gene mutations in mammalian cells 
(Chinese hamster and mouse cell lines) [37]* 

The interaction between mutation and viruses is also consid- 
ered in Chap* 10, where somatic mutation and cancer are 
dealt with. 



9.5 Examination of Gene Mutations 
in Single Cells 

With the success of genetic analysis m micro-organ- 
isms it appeared promising to study human genetics 
problems in single cells* The development of this ap- 



proach is described in Sect 7*2*2. 1, Considering the 
low frequency of spontaneous mutations and the 
technical obstacles to examining human population 
samples of a sufficient size to estabhsh even a crude 
order of magnitude at the level of the individual, 
such an approach would increase the resolving power 
of genetic analysis by several orders of magnitude* 

First Attempt to Examine Mutations Occurring In Vitro. At- 
wood and Scheinberg [5] developed a technique that permit- 
ted removal by agglutination with an anti- A serum of all 
blood cells from a blood sample that reacted with this anti- 
A serum, leaving only those that did not react. In probands 
of blood group AB some inagglutinable cells were found. 
These cells were interpreted to have lost the A but not the 
B antigen, suggesting that nonspecific antigen loss had not 
occurred. The relative frequency of these cells ranged in var- 
ious individuals between 0*5 and 10.9/1000 cells* These cells 
were interpreted as being somatic mutants. However, the 
very magnitude of the phenomenon made this interpretation 
unlikely* Moreover, additional immunological observations 
with this system cast serious doubt on the mutational origin 
of the inagglutinable cells. This attempt remains interesting 
in spite of the fact that it was unsuccessful. 

The problem of whether cells showing a biochemically or im- 
mune logically aberrant phenotype are indeed new mutants 
or are only the products of some secondary change not af- 
fecting the genetic material remains a central issue in muta- 
tion research on single cells. 

Examination of Mutant Cells In Vitro. The methods 
for cultivating normal human diploid cells in vitro 
are described in Sect, 7*2,2.! [19], One of the major 
difficulties involved in the study of mutation in 
such cells is the low mutation rate* Special selection 
methods are needed to isolate the very few mutant 
cells from the great majority of normal ones* The 
principle of such methods is described in 
Sect*7*2*2*6 for the Lesch-Nyhan syndrome (defect 
of the HPRT enzyme)* The cells are offered 8-azagua- 
nine, as a growth substance instead of hypoxanthine; 
8-azaguanine when accepted by the normal enzyme, 
kills the cell. Only cells unable to metabolize this 
compound because of their enzyme defect in HPRT 
survive* 

Other selective systems are available, for example, in 
galactosemia^ citrulUnemia, and orotic aciduria* In 
another approach, red cells containing hemoglobin 
variants generated by presumed somatic mutation 
are being identified by use of specific antibodies 
against specific variant hemoglobins I108]* 

As noted a variant isolated in cell culture is not ne- 
cessarily the product of a true genetic and transmis- 
sible alteration. At least two criteria which however 
are not applicable to all methods are needed to con- 
firm a mutation: 

1* Demonstration of stability of the selected pheno- 
type* 
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Principle of fluctuation test 




(only one cell at riskj (g cells ot risk | 



c Expected distribution among cultures with mutants 

© ©0 0000 00000000 

I 1 I ^ I 1 I— 



Fig, 9.35 a-c. Principle of the fluctuation test of Luria and 
Delbnick (1943) [zSl* If the mode of cell division is dichoto- 
mous, there are 2^ = 2 cells in the first generation after divi- 
sion has started; 2^ = 4 cefls in the second; 2^ = 8 cells in the 
third generation, and so on. If the cell cultures to be exam- 
ined all start with only one cell and if the mutation rates are 
identical in all cell generations, the relative number of cul- 
tures with o, 1, 2 . , . mutant cells can be calculated, depend- 



ing on the cell generation in which the mutation has occur- 
red. a For example, if the mutation occurred in the first divi- 
sion, half of all cells are mutant. In this case only one cell is 
at risk, b On the other hand, if the mutation occurred in the 
last division before the culture is examined, only one cell is 
mutated, c For such a mutation, however, 2"^^ cells are at 
risk, where n = number of cell generations. Expected distri- 
bution among cultures 



2. Positive results with the fluctuation test of Luria 
and Delbriick [78], which is based on the principle 
that when a great number of cultures are com- 
pared, only very few have numerous mutant cells 
(mutation early in the development of the culture)> 
whereas most cultures contain very few mutants 
(mutation late in the development of the culture)^ 
and many others do not have even one mutation 
(Fig- 9 - 35 )- 

Test methods for determining the spontaneous muta- 
tion rate are based on the fluctuation test; in 
Fig. 9.35 c, for example, every plate would be counted 
as one mutation if the colonies are clones from one 
cell each. 

Table 9.14 shows a number of estimates of sponta- 
neous mutation rates for the HPRT locus. At first 
glance these mutation rates seem to be of the same 
order of magnitude as the germ cell mutation rates 
calculated at the phenotypic level for hereditary dis- 
eases (Tables 9.6, 9.7). These human mulation rates, 
as explained in Sect. 9-3,2, represent a biased portion 
of traits with high mutation rates and are the end re- 
sult of several dozen cell divisions. A comparison 
with somatic cell mutation rates, which are expressed 
as the number of mutations for a single cell division 
only, is therefore not appropriate. 

Using the HPRT system, an elevation of the sponta- 
neous mutation rate to 19-23 x 10”'^ mutants per cell 
per generation has been described in fibroblasts 



Table 9.14. Spontaneous mutation rate in human and Chi- 
nese hamster cells: resistance to S-azaguanine ([138]) 



Cel) line 


Ploidy level 


Rate 


D98" 


A. Human 
Aneuploid 


4.9 X 10^ 


L54'’ 


Diploid 


7.0 X 10-‘ 


Glen*’ 


Aneuploid 


7.0 X 10* 


Fibroblasts' 


Diploid 


4.1 X 10‘ 


257 ^ 


B. Chinese hamster 
Hypo diploid 


4,0 X 10 * 


VS"* 


Diploid 


2.2 X 10* 


V25'* 


Tetraploid 


4.7 X 10 = 


yes'* 


Octaploid 


1.9 X 10* 


V79' 




l.Sx 10-* 



^ Data from Szybalski and Smith 
^ Data from Shapiro et al. 

^ Data from De Mars and Held 
^ Data from Harris 
Data from Chu et aL 

from two patients with Bloom syndrome compared 
to a rate of 4.6-4.9 x io“* in normal fibroblasts [144]- 
Bloom syndrome is a chromosome instability syn- 
drome; therefore this gene is a human mutator gene. 
This higher mutation rate has also been demonstra- 
ted in vivo. 

More recently this increase in mutation rate has been 
confirmed for lymphocytes in Bloom syndrome and 
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for the other chromosome instability 


syndromes 


[128, 


129], The figures are: 








Normal control cells: 


2.0- 


- 4,4 X 


10“^ 


Bloom syndrome (7 patients): 


8 , 5 - 


- 24.9 X 


10“^ 


Fanconi anemia (2 patients): 


20.0- 


- 22.6 X 


jq -4 


Ataxia -telangiectasia (1 patient): 




8.5 X 


10-^ 



Conclusions 

Once in a while the genes and chromosomes in germ 
cells change, causing new mutants. Three classes of 
mutations can be distinguished: numerical and struc- 
tural chromosome aberrations, and gene mutations. 
Such mutations are chance events which occur with 
certain probabilities (mutation rates). Mutation rates 
for the most common numerical chromosomal aber- 
rations - trisomies - show a steep increase with ma- 
ternal age. Mutation rates for individual gene muta- 
tions causing autosomal-dominant or X-linked he- 
reditary diseases are much lower than those for 
many numerical chromosome aberrations; some of 
these show an increase with the age of the father and 
are usually more common in male than in female 
germ cells. Newer methods have led to the identifica- 
tion of many mutations at the molecular level. In the 
majority of hereditary diseases (for example, hemo- 
philia) most mutations are single base substitutions 
in the DNA. Transitions asre most common. In at 
least one disease (X-linked muscular dystrophy) 
about two-thirds of such mutations are submicro- 
scopic deletions. Another recently discovered type of 
mutation - abnormal amplification of base triplets - 
may lead to X-linked mental retardation or to domi- 
nant diseases with high variability in age at onset 
and anticipation. Huntington disease and myotonic 
dystrophy are examples. 
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'"The essential hypothesis as already formulated by von Hansenmann” (18^0) is: 

""The cell of the malignant tumor is a cell with a certain abnormal chromatin content. 
"'The way in which it originates [has] no significance. Each process which brings 
about this chromatin constitution would result in the origin of a malignant tumor” 

(ZBoveri 1914, translated by U. Wolf 19/4 [19]) 



Mutations may also occur in somatic cells. The effect 
of a somatic mutation is found in the descendants of 
the mutant cell, making the individual a mosaic* Mo- 
saics are individuals with a mixed cell population* In 
the simplest situation a normal cell population and a 
mutant cell population may coexist in a single indivi- 
dual* Often such different populations exist side by 
side. In fibroblasts - and possibly in other cell types 
- there is extensive mixing of genetically different 
cell groups since very small cell patches may be 
shown to exhibit different cell markers, such as differ- 
ent G6PD types* 



10.1 Formation of Mosaics 
for Genome Mutations 

Mosaics for genome mutations are frequent* In Down 
syndromej for example, a ratio of 1 mosaic to 48 stan- 
dard trisomy patients has been reported. An estimat- 
ed population incidence of 1 : 650 for Down syndrome 
would thus result in a mosaic frequency of 1:31000* 
Such mosaic cases also show dependence on maternal 
age, but to a lesser degree than in simple trisomy 21 
[ 59 ]. 

Mechanism of Mosaic Formation in Early Cleavage 
[59]* Analysis of maternal age effects makes it possi- 
ble to draw some conclusions regarding the origin of 
mosaics in Down syndrome. A mosaic may be de- 
rived from a normal zygote. In such cases nondis- 
j unction would have to occur in an early (but not 
the first) cleavage division* (Nondisjunction in the 
first cleavage division would result in a trisomic 
and a monosomic division product* With loss of 
the monosomic cell, this could lead to standard tri- 
somy) The monosomic product of the division is 
usually lost Mosaicism can also be derived from a 
trisomic zygote* One cell strain would lose the extra 
chromosome by anaphase lagging, or nondisjunc- 
tion may occur in a somatic cell (secondary nondis- 
junction; Fig* 10.1)* The proportion of mosaics 
caused by each of these mechanisms can be estima- 
ted With origin in a normal zygote no maternal 



age increase would be expected. With origin in a tri- 
somic zygote, the increase in maternal age should be 
similar to that found for Down syndrome in general. 
The total of mosaics represents a mixture of the two 
mechanisms; the average maternal age depends on 
the proportion attributed to each cause. Among 
40 mosaics described in the Uterature 20 % were es- 
timated as being derived from normal zygotes* 
From this calculation one can derive a comparative 
estimate for the frequency of certain mitotic dis- 
turbances in normal and trisomic zygotes* It follows 
that trisomic zygotes show an almost 40 times great- 
er tendency toward anaphase lagging than normal 
cellsj and nondisjunction is 70 times as frequent* 
These estimates, however, are applicable only to mo- 
saics that evolve to clinically recognizable Down 
syndrome* The probabiUty of developing Down syn- 
drome is much higher among zygotes who were ori- 
ginally trisomic than among those who were origi- 
nally normal* 

Mosaics with a small fraction of trisomic cells might 
occur at a later stage of development. They are often 
phenotypically normal or show only micromanifes- 
tations of Down syndrome, such as abnormal der- 
matoglyphics* They may have children with Down 
syndrome if a segment of the ovary or the testicle 
has the abnormal karyotype. The proportion of 
such minor mosaics among parents of children 
with Down syndrome may be significant* The 1% 
recurrence risk of trisomic Down syndrome could 
conceivably be related to gonadal trisomy 21 of this 
type. 

10.2 Hereditary Syndromes 

with Increased Chromosome Instability 

[ 11 , 20 , 21 , 71 , 75 ] 

Fanconi Anemia (227650, 227660)* Fanconi anemia is 
a childhood panmyelopathy with bone marrow fail- 
ure leading to a pancytopenia* Skeletal anomalies, 
especially of the thumb and radius^ and hyperpig- 
mentation are usually found; other malformations 
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CONSEOUENCFS OF MITOTIC NONDISJUNCTION: 

a b 






Fig.ioaa^b, Secondary nondisjunction and anaphase lag- gote, secondary nondisjunction; b Trisomic zygote, second- 
ging as mechanisms for production of mosaics^ a Normal zy- ary nondisjunction, anaphase lagging 



are frequent. The mode of inheritance is autosomal- 
recessive* Genetic heterogeneity was suggested by 
analysis of age at onset [74] and confirmed by mutual 
correction of chromosome instability after fusion of 
cells from patients with different clinical types [98]. 
There is a more common type with onset in the first 
years of life, and a rarer one (see the description be- 
low) with juvenile onset (see also [55])* One gene has 
been localized at 2oq [47]; there is linkage heteroge- 
neity 

Schroeder et al. (1964) [72J described two brothers with this 
disease, 21 and iS years old. The parents and a younger 
brother (7 years) were healthy. The older brother showed, 
apart from normal karyotypes, metaphases with multiple 
chromosome aberrations, such as achromatic lesions (gaps), 
chromatid breaks; isochromatid breaks, acentric fragments, 
dicentric chromosomes, and chromatid interchanges; 19 of 
39 metaphases showed at least one but in some cases multiple 
anomalies. Endoreduplication was seen in about 10 % of all 
metaphases* The younger, clinically unaffected brother 
showed a somewhat lower number of mitoses with chromo- 
some aberrations but the same range of anomahes* Six years 
later he developed clinical symptoms of the disease* He died 
of multiple hemorrhage at the age of 3^- Autopsy revealed 
clinically unrecognized lung cancer [71]. 

These were the first published cases of chromosome 
instability in a hereditary disease. The result was 
soon confirmed in other cases (Fig* 10*2), 

Bloom Syndrome {210900)* Bloom syndrome is a 
condition characterized by a low birth weight, stunt- 



ed growth, sun sensitivity of the skin, and a facial 
butterfly-type lesion with telangiectasia* The mode 
of inheritance is autosomal-recessive. Most families 
are of Ashkenazi Jewish origin, German et al. [22], 
examining metaphases from blood cultures of seven 
patients, observed in six patients high frequencies 
(4%- 27%) of cells with broken and sometimes re- 
arranged chromosomes* Other cytogenetic anoma- 
lies described in Fanconi anemia were present in 
Bloom syndrome as well. However, the hallmarks of 
Bloom syndrome are symmetric quadriradial chro- 
matid interchanges that are not seen in Fanconi ane- 
mia* These presumably arise from chromatid ex- 
changes between homologous chromosomes. In con- 
trast, in Fanconi anemia asymmetric quadriradials 
are common, which are caused by random breaks 
of nonhomologo us chromosomes* The frequency of 
sister chromatid exchanges (Sect* 2.1,2) in Bloom 
syndrome is ten times higher than in normals or in 
patients with Fanconi anemia* Although superficially 
somewhat similar, the basic mechanisms leading to 
Bloom syndrome and Fanconi anemia are quite dif- 
ferent* 

The fundamental defect in Bloom*s syndrome is due 
to chain terminating mutations affecting a DNA heli- 
case [28b], an enzyme required to maintain genomic 
StabOity in somatic cells* Not unexpectedly, all muta- 
tions in Ashkenazi patients were identical, both by 
direct mutational and by haplotype analysis, indicat- 
ing a common origin with subsequent expansion of 
this population* 
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Ataxia-Telangiectasia (208900) [25]. The two con- 
slant clinical features of the ataxia^ telangiectasia 
{Louis -Bar) syndrome (AT) are progressive cerebellar 
ataxia radiation sensitivity, cell cycle abnormalities, 
and oculocutaneous telangiectasia. Ataxia is usually 
recognized at the age of 12-14 months; the patient is 
confined to a wheelchair before adolescence. Various 
immune deficiencies have been reported that vary 
from patient to patient. The most common defect is 
a low level or complete absence of IgA, The mode of 
inheritance is autosomal -recessive. Chromosome in- 
stability has been reported repeatedly; the number 
of breaks seems to be lower than in Fanconi anemia 
and Bloom syndrome [5, 24, 27], Breaks are apparent- 
ly random. The level of chromosomal breaks often 
fluctuates. Pseudodiploid clones are common^ and a 
translocation involving the long arm of chromo- 
some 14 is characteristic, A gene has been located to 
nq22-nq23. Ail mutations in A-T affect a phospho- 
transferase (phosphatidyl inositol-3' kinase) involved 
in mitogenic signal transduction, meiotic recombina- 
tion and cell cycle control [114 a]* 



In these three conditions - Fanconi anemia, Bloom 
syndrome, and AT - it is reasonable to assume that 
the chnical symptoms are directly related to chromo- 
some instability. Moreover, chromosomes from pa- 
tients with all three diseases show an increased sen- 
sitivity to various chromosome breaking (= clasto- 
genic) agents - AT, for example, to X-rays. 

Chromosome Instability and Cancer, Patients with all 
three conditions have a strongly increased risk of de- 
veloping malignant neoplasias. Many patients with 
Fanconi anemia succumb during childhood and 
youth from bleeding or infections, but an increasing 
number of neoplasias are being reported [21], By 
1981, 45 cases had been collected; these included 22 
acute leukemias, none of them lymphatic; 16 primary 
tumors of the liver; the rest carcinomas of other or- 
gans. A variety of malignant tumors have been found 
in ataxia-telangiectasia [21]. Among 108 patients 
there were 48 with various non- Hodgkin lymphomas; 
12 with Hodgkin disease; 26 leukemias, mostly lym- 
phatic; and 22 with other conditions (cancers of 
stomach, brain, ovary, skin, etc,). Lymphatic neopla- 
sias thus prevail. Of the 99 individuals known to suf- 
fer from Bloom syndrome up to 1961, 23 developed 
at least one neoplasm. Considering the young age of 
these patients, a lOO-fold increase in the risk for 
neoplasia has been estimated. In distinction to AT a 
great diversity of type and tissue distribution is ob- 
served. 

It is reasonable to assume that the increased risk of 
developing neoplasias in these syndromes is directly 
related to the increased rate of spontaneous chromo- 
some breakage. 

Such chromosome instability leads to many cells with 
various aneuploidies due to chromosome breakage. 
Most of these cells die immediately, but some survive 
a few divisions. In an occasional cell, however, the 
structural defect provides a selective advantage in 
that the cell division rate is no longer inhibited. 



Fig, 10,1 a-d. Chromosomes from a patient with Fanconi 
anemia, a Chromatin break, b Two chromatin interchange 
figures with participation of nonhomologous chromosomes, 
c Hexagonal interchange figure in which three chromosomes 
participate. dTricentric chromosomes, (Courtesy of Dr. 
T. M, Schroeder-Kurth) 




Fig, 10.3, Marker chromosome i p- found in a cell clone from 
a patient with Fanconi anemia, (Courtesy of Dr. T. M. Schroe- 
der-Kurth) 
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Fig*io*4» Fraction of metaphases showing the ip- marker 
chromosome of Fig* 10*3 in Fanconi anemia. Repeated exami- 



nations over many years. (Courtesy of Dr. T. M. Schroeder- 
Kurth) 



Such a cell soon forms a done of genetically identical 
cells: the initial cancer cells* Due to their uninhibited 
growth, the abnormal cell clone gradually replaces 
the normal cells* 

If such a cell clone contains a structurally abnormal 
chromosome, we should occasionally find specific 
chromosome aberrations in a certain fraction of cells 
from patients with one of the three syndromes with 
chromosome instability Such cell clones have indeed 
been observed* Figure 10*3 shows a “marker chromo- 
some/^ a 1 p- that characterizes a done from a patient 
with Fanconi anemia that has been observed since 
1974 [73]* Figure 10*4 compares the proportion of me- 
taphases with this marker chromosome over several 
years* This clone probably had a certain selective ad- 
vantage; however, this is decreasing. Similar clones 
have been observed in the other two conditions as 
well* Full development of leukemia by gradual in- 
crease of a defined cell done has been observed in 
AT [27]. Possible molecular mechanisms of malignant 
transformation related to chromosome breaks are 
discussed in Sect. 10*4*2* 



10.3 Molecular Mechanisms of Chromosomal 
Instability and Tumor Formation 
Due to Somatic Mutation 

10.3.1 Xeroderma Pigmentosum 
(278700-278 750) [ 41 ] 

Chromosome instability and the existence of marker 
chromosomes in the three syndromes with inherited 
chromosome instability suggest that repeated chro- 
mosome breakage may lead to cell clones that devel- 
op into malignancies* This raises the question of the 
molecular mechanism of chromosome instability* 
Another hereditary disease, xeroderma pigmentosum 
(XP) has provided much information* 

After exposure to ultraviolet light the skin of patients 
with XP shows erythrema that is followed by atrophy 
and tdangi ectasia (Sect* 4.1.3)* Gradually these areas 
become wartlike, and finally skin cancer develops* It 
is known from work in micro-organisms that cells 
have an enzyme system capable of repairing defects 
of the DNA* Enzymatic repair of defects induced by 
ultraviolet light has been well analyzed in micro- 
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organisms at the molecular level XP is characterized 
by an abnormally high sensitivity to ultraviolet light. 
Cleaver and Bootsma [10] showed that this disease is 
caused by a defect in a DNA repair enzyme» A num- 
ber of different complementation groups (see below) 
that lead to XP-like phenotypes were later identified 
{Table 10.1), 

Mechanisms of DNA Repair. Three main mechanisms 
of DNA repair have been analyzed in micro-organ- 
isms: photoreactivation, excision repair, and postre- 
plication repair (Figao.5) [89]. 

1. Photoreactivation. Blue -violet light enhances the 
chance of survival of bacteria that receive ultravio- 
let light exposure. The main effect of ultraviolet ir- 
radiation is formation of thymine dimers from two 
neighboring thymines. Photoreactivation is due to 
an enzyme that restitutes these thymines by cleav- 
ing the dimers. 

2. Excision repair. The second mechanism, excision 
repair, does not require light. In a first step, an 
endonuclease recognizes the dimers and cuts the 
affected DNA strand close to them, producing free 
ends. These free ends are recognized by an exo nu- 
clease that cuts off nucleotides, beginning at these 



free endings. Apart from the UV-induced dimers, 
up to 100 other nucleotides are removed. A poly- 
merase induces re synthesis of the removed strand 
using the intact sister strand as template. Finally, 
the last gap between the resynthesized and the old 
strand is closed by a ligase, 

3, Post replication repair. If photoreactivation and ex- 
cision repair are impossible, the damaged DNA 
strand cannot act as a template during replication 
since the dimer does not pair with any other bases; 
a gap remains in the newly synthesized comple- 
mentary DNA strand. However, the genetic infor- 
mation distorted by dimer formation is available 
in a newly synthesized DNA strand along the old 
complementary strand. This information acts as a 
template for the production of another intact copy 
that replaces the damaged DNA strand. The exact 
mechanism of this replacement is still unknown; 
it seems to be similar to normal recombinational 
events. One normal DNA strand as a template is 
necessary for excision repair as well as for postre- 
plication repair. {For numerous details, especially 
on repair enzymes and the SOS reaction, see [41],) 

Enzyme Defects in Xeroderma Pigmentosum-Like Dis- 
eases. Cultured fibroblasts of patients with XP were 



Fig. 10.5 a-c* Three types of 
DNA repair, a Photoreactiva- 
tion, thymine dimers are re- 
opened and A = T hydrogen 
bonds are reestablished, b Ex- 
cision repair, half- chromatid 
sequences containing the thy- 
mine dimer are excised, and a 
new half-chromatid is synthe- 
sized. c Postreplication (re- 
combination) repair. A half- 
chromatid sequence is excised 
and repair occurs after repli- 
cation, with assistance from 
the other division product 
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shown to have a reduced survival time after ultravio- 
let irradiation. Moreover, the survival of various UV- 
ir radiated viruses grown in XP cells is less than that 
in normal cells* This shows that the genetic defect of 
the host cell prevents it from correcting the defect in 
the virus genome. These results suggested a defect 
in one of the above repair mechanisms; this was con- 
firmed by direct investigation of these mechanisms in 
XP cells. Cells from different patients were found to 
be defective in their ability to perform excision re- 
pair An early stage of excision repair, the ability to 
excise dimers, is deficient, and this leads to a reduc- 
tion of the insertion of new bases - repair replication 
(unscheduled DNA synthesis). 

Genetic Heterogeneity [lo, i6]. The enzyme system 
responsible for excision repair comprises a number 
of enzymes, and the clinical differences between the 
various XP patients suggest genetic heterogeneity - 
either by mutations within the genes for different 
polypeptide chains or at different sites within the 
same genes. One method for examining this problem 
is cell hybridization (Sect. 5*1*3) between fibroblasts 
from different patients* The daughter cell of two 
fused cells is able to carry out excision repair if their 
enzyme defects affect different loci* In this case one 
genome provides one intact enzyme, the other gen- 
ome produces the other enzyme, and the two defects 
are mutually compensated* If the enzyme defects are 
identical, although different mutational sites are af- 
fected within the same gene, no such compensation 
is possible* In this way at least eight complementation 
groups have been identified (Table 10*1)* There are 
also clinical differences between the complementa- 
tion groups: only patients of groups A, B, and D 
have additional neurological findings such as micro- 
cephaly, progressive mental deficiency, retarded 
growth and sexual development, deafness, ataxia, 
choreoathetosis, and areflexia (de Sanctis and Cac- 
chione 1932). Many XP patients with neurological 



manifestations do not show the full spectrum of 
symptoms. Even within the same complementation 
group, heterogeneity in the degree of neurological 
manifestation may be remarkable. In a number of pa- 
tients diagnosed clinically as XP excision, repair has 
been found to be entirely normal* They are now clas- 
sified as XP variant* In these patients post replication 
repair was shown to be deficient* Defects in photo- 
reactivation have not yet been observed* Moreover, 
Table 10, i shows a very unequal population distribu- 
tion of these variants; for example, type A and the 
variant type are especially common in Japan, whereas 
type C, which is common in populations of European 
extraction, is rare in Japan* 

Malignant Neoplasias in Patients with Xeroderma 
Pigmentosum. Patients with XP sooner or later devel- 
op multiple malignant skin tumors* All cell types that 
are exposed to UV light may be involved. Basal and 
squamous cell carcinomas, malignant melanomas, 
kerato acanthomas, hemangiomas, and sarcomas may 
develop* Cancer formation can be prevented by mini- 
mizing exposure to UV irradiation with sun screens 
and ointments and by avoidance of sunlight* 

Increased Cancer Risk in Heterozygotes [84]. The mode of in- 
heritance of ah three chromosome instability syndromes and 
of XP is autosomal -recessive. Wherever enzyme defects have 
been identified, enzyme activity in heterozygotes is usually 
about half that found in normal homozygotes {Sect, 7,2,2,8), 
Therefore it was reasonable to look for a possible increase in 
cancer risk among heterozygotes. The best evidence is now 
available for AT [761 78]. The study was based on 27 families 
with 1639 close relatives of AT patients* The data on cancer 
incidence in this group were compared with expectations cal- 
culated from the United States cause-, age-, time-, sex-, and 
race-specific mortality rates (Table 10.2). There was a definite 
increase in cancer mortality in the youngest age group of re- 
latives (0-44 years) and in both sexes, in females more than 
males. In addition, a higher incidence of malignant neo- 
plasms was also found in living relatives. There were many 
types of malignancies - especially, as in homozygotes, neo- 



Table 10*1* Distribution of complementation groups in studies on xeroderma pigmentosum (from Fischer et al. 1982 [19]) 



Country 


Frequency of 


cases in the respective complementation groups 




Number 
of patients 




A 


B 


C 


D 


E 


F 


G 


Variant 


North America*’ 


3 


1 


5 


5 


0 


0 


0 


2 


16 


Europe"’ 


10 


0 


14 


a 


2 


0 


2 


5 


41 


Japan^ 


21 


0 


1 


1 


0 


3 


0 


14 


40 


Egypt" 


7 


0 


12 


0 


0 


0 


0 


5 


24 


Germany 


2 


0 


7 


5 


0 


0 


0 


9 


23 


Number of analyzed cases 


43 


1 


39 


19 


2 


3 


2 


35 


144 



* Cleaver and Bootsma 1975; ^ Cleaver et al. 1981; ^ Kraemer 1980; ^ Takebe 1979. 
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piasias of the lymphatic system^ but also carcinomas of sto- 
mach and ovary. 

The incidence of homozygoles for AT in the population was 
estimated at about 1 : 40 000, corresponding to a heterozygote 
frequency of about 1%. In this case it was estimated that “A- 
T hetero zygotes might comprise over 5 % of all persons dying 
from a cancer before age 45 and about 2% of those dying 
from this cause between ages 45 and 75.” In addition to the 
cancer risk, AT heterozygotes may also have a somewhat in- 
creased susceptibility to diabetes, severe scoliosis, and neural 
tube defects [76]. More recently these investigations were 
complemented with additional studies by the same group 
[79, So]. Another common cancer, that of the female breast, 
especially with early onset - appears to be much more com- 
mon. The discovery of the basic defect in A-T [114 a] should 
allow direct heterozygote testing among cancer patients. 
Another study on cancer disposition was performed in close 
relatives of XP patients. There was no general increase in 



Table 10.2. Observed and expected deaths from malignant 
neoplasms in heterozygous parents and in sibs (from Swift 
1982 [76]) 

Age Ataxia- Xeroderma 

groups telangiectasia pigmentosum 

Observed Expected Observed Expected 



Males 



0-44 


6 


2.i4 






45-74 


21 


19.02 


^ 38 


35,4 


75 + 


4 


5.22 . 






All ages 


31 


26.38 






Females 










0-44 


9 


2,97 






45-74 


23 


18.34 


30 


33.2 


75+ 


4 


5.00 






Ail ages 


36 


26.31 






Both sexes 
and all ages 


67 


52.7 


68 


68.6 



cancer mortality However, an increased incidence of (nonfa- 
tal) nonmelanoma skin tumors was found in these heterozy- 
gotes [77]. This study was based on 2597 close relatives of 
XP patients from 31 families in the United States. Interesting- 
ly, an increase in skin cancers was found only among those 
living in the southern United States, where exposure to sun- 
light is extensive. This, together with the negative result for 
all other cancers except skin carcinomas, suggests a specific 
defect in UV repair in epithelial cehs manifesting only when 
the skin is exposed extensively to sunlight, that is to say an 
ecogenetic phenomenon (Sect. 7,5.2). 

In Fanconi anemia, on the other hand, careful assessment of 
the available evidence failed to reveal any increased cancer 
risk of heterozygotes. 

103.2 Molecular Mechanisms in Syndromes 
with Enhanced Chromosome Instability 

Formation of thymine dimers affects only one of the 
two DNA sister strands. It therefore does not lead im- 
mediately to a chromosome gap or break. If the dimer 
cannot be excised, however> it cannot act as template 
in the next replication; the complementary DNA strand 
will be incomplete, and a break will become visible in 
the second replication cycle (Fig, 10.6). Hence, if inter- 
ruption of the DNA double helix is related to microsco- 
pically visible chromosome breakage, we would expect 
a greater number of chromosome breaks after irradia- 
tion of XP cells than in normal cells. This increase has 
indeed been reported. In unirradiated XP cells> on the 
other hand, no chromosome instability has been ob- 
served in contrast to the three syndromes described be- 
fore (Fanconi anemia, Bloom syndrome, and AT), asso- 
ciated with spontaneously enhanced chromosome in- 
stability. Therefore the molecular defects are probably 
different. However, it is reasonable to assume that 
some of the mechanisms of DNA replication and repair 
are involved in these conditions as well. Some observa- 
tions seem to corroborate this conclusion [42, 64, 65]. 



BREAK FORMATION AFTER DIMER FORMATION 




before after first 

replicatiort replication 



after second 
replication 



Fig, 10,6 a- c. Defect of excision repair. If thymine dimers 
formed by UV irradiation cannot be excised, they cannot act 
as templates in the next replication cycle. This leads to a 
chromosome break, a Dimer formation, b At first replication 



no complementary bases are assembled opposite to the thy- 
mine dimer, c Second replication: discontinuity of DNA 
structure in one division product is the result 
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The discovery of the different fundamental defects in 
A-T [114 a] and in Bloom syndrome [28 b] has de- 
monstrated that these conditions are caused by ab- 
normalities affecting enzymes involved in basic cellu- 
lar processes, such as a phosphotransferase essential 
for mitosis as well as cell cycle control (A-T) and 
proper DNA unwinding {helicase defect) in Bloom 
syndrome. These findings provide key data for under- 
standing the molecular mechanisms of spontaneous 
mutations in general and of somatic tumorigenic mu- 
tations in particular. For understanding the molecu- 
lar mechanisms of spontaneous mutations in general 
and of somatic mutations in their relationship to neo- 
plasia in particular, these findings provide key data- 

Chain of Events in the Formation of Malignant Neo- 
plasias by Somatic Mutation [76], The chain of events 
that lead to the formation of neoplasias by somatic 
mutation is depicted in Fig. 10,7, The first step is dam- 
age to DNA, This may be caused either by internal 
factors, such as genetically defective replication and 
repair mechanisms, or by outside influences, such as 



ionizing radiation, chemical mutagens, and viruses. 
The DNA damage may lead to a complete breakdown 
of the replication mechanism and can therefore be le- 
thal. On the other hand, it might - and, in very many 
cases, will - be repaired A second possibility is that a 
mutation is formed. Here it is of no principal impor- 
tance which type of mutation occurs. For example, it 
may be a point mutation caused by a single base ex- 
change, or a visible chromosome anomaly. Most often 
this mutation may be lethal, leading to death of the 
affected cell done due to a selective growth disadvan- 
tage in competition with normal cells. Sometimes, 
there may be normal cell growth, and a marker chro- 
mosome may be the only indicator of the mutation, A 
third rare possibility is that the new cell clone has a 
selective advantage due to a genetic defect in the nor- 
mal mechanisms of growth inhibition and regulation 
and cancer develops. Secondary genetic processes 
such as the formation of additional aneuploidies 
may contribute to cell death or may occasionally 
lead to cell clones with stronger selective advantage. 
Neoplastic growth therefore occurs unchecked until 
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Fig, 10,7 Gradual development of a malignant tu- 
mor. A somatic mutation, such a chromosome 
break, may produce a cell clone with a selective 
advantage. This done may develop gradually into a 
malignant tumor, (Adapted from Schroeder 1972 
[70]) 
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the affected individual dies from interference with 
normal functioning. This general formulation of 
chromosomal involvement in neoplastic origin was 
developed in the early twentieth century by Boveri 
(1914; see [19]) but had to await the development of 
better cytogenetic and molecular techniques. 

10.4 Other Observations Suggesting 
Somatic Mutation as a Mechanism 
in Carcinogenesis [ 37 ] 

History of the Somatic Mutation Hypothesis of Cancer. 
The hereditary syndromes with enhanced chromo- 
some instability and with deficiencies of DNA repli- 
cation and repair are remarkable because they offer 
models for molecular mechanisms of somatic muta- 
tion and tumor formation. However, the hypothesis 
that cancer is due to somatic mutation is much olden 
Von Hansemann (1890) [8/]> on the basis of his stu- 
dies on mitosis, postulated that the cell of the malig- 
nant tumor is a cell with an abnormal chromatin con- 
tent [19]. Boveri (1914) specified this concept further, 
assuming unequal distribution of the chromosomes 
of a cell to its daughter cells. He emphasized, how- 
ever, that the abnormal chromatin constitution as 
such, and not the mechanism of its production, is im- 
portant. During the following decades the somatic 
mutation hypothesis was elaborated by many authors 
and discussed in many aspects, Burnet {1974) [6] 
most clearly formulated its most important conse- 
quences; 

a) Neoplasias must be monoclonal, i. e., they must 
originate from one single cell. 

b) Their incidence can be enhanced by chemical 
agents or viruses that react with DNA, 

c) In a large population of proliferating cancer cells, 
additional mutations are to be expected in single 
cells. These produce cells having additional selec- 
tive advantages; subclones derived from them ra- 
pidly overgrow the other tumor cells, 

d) The mutation hypothesis also explains the in- 
creased incidence of most cancers with age, if so- 
matic mutation can - as a first approximation - 
be regarded as a time -dependent process. In addi- 
tion, clones need a number of years to grow be- 
fore they manifest clinically. 

Induction of cancer by chemicals that react with DNA 
is not discussed further here. Suffice it to mention 
that many chemical mutagens (Sect. 11.2) have indeed 
been shown to be carcinogenic as well. Malignant 
neoplasias usually show a variety of subclones with 
different karyotypes, indicating multiple anomalies 



of mitosis during tumor proliferation. Increase in 
neoplasia with age is a well-known general feature of 
cancer biology. Evidence from many different sources 
is now available confirming the monoclonal origin of 
tumors. It is known, for example, that one B lympho- 
cyte produces only one specific type of y- globulin 
light chain - a a 01 x chain. Different B lymphocytes, 
however, synthesize light chains that differ in the 
“variable^ part of the amino acid sequence 
(Sect. 7.4). All ceDs in myelomatosis - a malignant 
disease - on the other hand, produce light chains 
with identical variable parts. Uterine muscle cells of 
women who are heterozygous for a normal and a var- 
iant X- linked G6PD allele are mosaics, expressing ei- 
ther the normal or the variant G6PD allele indifferent 
cells, as expected from random inactivation of 
X chromosomes. Fibroid tumors of the uterus, on 
the other hand, always show a single G6PD type in 
ail tumor cells. Similar observations are available for 
many other tumors [35]: Most tumors are in fact 
monoclonal in origin. Some hereditary tumors, such 
as those that appear in neurofibromatosis, have a 
multiclonal origin, suggesting that the proliferation 
tendency is inherent in every cell [14]. 

Virus Etiology Versus Somatic Mutation? There are 
now many observations, especially in animals, that 
tumors may be caused by viruses, and it is reasonable 
to assume that some human tumors have a viral ori- 
gin as well. This hypothesis does not contradict the 
somatic mutation hypothesis. Viruses are often site- 
specific and may induce a mutational event in the 
chromosomes. The course of tumor formation fol- 
lowing viral damage may then be similar to that de- 
scribed for any kind of somatic mutation. 

Elucidation of the Origin of Malignant Tumors as a 
Surplus ''Bonus" of Genetic Theory. The following sec- 
tions describe the use of genetic concepts and data 
for stepwise elucidation of the causes of tumor for- 
mation. Most human tumors are nonhereditary and 
are often clearly caused by environmental agents. 
One might therefore expect that elucidation of their 
causes and mechanisms may not involve genetic con- 
cepts and methods. This exceptation, however, turns 
out to be incorrect. Advances in this field have been 
almost exclusively the result of progress in genetics 
- formal genetics and linkage, cytogenetics, and 
especially molecular genetics. This is an example of 
the general rule described in Sect,6.i.i.6; good theor- 
ies may reward the scientist with an additional bo- 
nus, explaining phenomena other than those for 
which they were originally created. At the same 
time, this is an example of the way in which genetics 
has extended its range to currently become the lead- 
ing science bask to medicine. The following discus- 
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sion is confined to genetic concepts and to results 
which have proved helpful for explaining malignant 
growth in humans. 

10.4.1 Neoplasias with Constant Chromosomal 
Aberrations 

The Philadelphia Chromosome. In neoplasias a single 
specific chromosome aberration limited to the tumor 
tissue was described some years ago. The classical ex- 
ample is the Philadelphia (Ph^) chromosome, which 



is almost regularly associated with chronic granulo- 
cytic leukemia [57]. A translocation of much of the 
long arm of chromosome 22 to chromosome 9 is 
usually found (Fig. 10.8). Such patients are chromoso- 
mally normal in all tissues except for the hemato- 
poietic system. The characteristic chromosome ab- 
normality affects all blood cell precursors including 
megakaryocytic and erythropoietic cells. Biological 
tagging techniques by G6PD variants has led to simi- 
lar insights. The clinical and hematological conse- 
quences of the translocation, however, affect only 
the granulocytic elements of the blood, showing that 
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Fig. 10.8 a, b. Philadelphia (PhO chromosome 
in a patient with chronic granulocytic leuke- 
mia. a Translocation between chromo- 
somes 22 and 91 Ab aberrant chromosome, 
b Formation of the Philadelphia chromosome 
by reciprocal translocation between chromo- 
somes 9 and 22. One proto-oncogene, ahh is 
moved to no. 22 adjacent to an unknown gene; 
the break in no. 22 is distal to the Ig A locus, 
which is not involved in the translocation. 
(Modified from Rowley 1986) 




Other Observations Suggesting Somatic Mutation as a Mechanism in Carcinogenesis 441 



a given '""mutation,” whOe present iii several cell 
types, may affect the growth pattern of only a single 
differentiated tissne. 

In some exceptional families, several members have 
died from chronic granulocytic leukemia, and in one 
family some younger individuals showed the Ph' 
chromosome in their hematopoietic cells without 
clinical signs of lenkemia. In this family, the suscept- 
ibility to breakage of chromosome 22 was inherited 
in an autosomal- dominant manner* In a study of 
1129 patients the 9522 translocation was identi- 
fied in 1036 (92%)* The others had various transloca- 
tions, all affecting chromosome no* 9 [63]. During the 
acute phase of the disease, additional aneuploidies 
may be observed; a second Ph' chromosome, an iso- 
chromosome of i/q, or a + 8 are the most common 
ones* Patients lacking the Ph" chromosome were 
shown not to have myeloid leukemia, but other types 
of myelodysplasia. Figure 10*9 shows chromosomes 
of a patient with chronic myeloid leukemia; the draw- 
ing includes a number of genes located on the two 
chromosomes 9 and 22 that may be important for 
malignant growth. 

Chromosomal Patterns in Other Leukemias [60, 61]* 
Typical chromosomal patterns have been identified 
in other leukemias {Table 10*3)* In acute nonlympho- 
cytic leukemia (ANLL) a cell clone is generally pre- 
sent with a gain of one chromosome no. 8, and a 
loss of no. 7, t(8;2i) is found in acute myeloblastic 
leukemia (AML; M2), especially in children. For 
other types of acute nonlymphocytic leukemia 
(ANLL), see Table 10*3* ANLL leukemias with consis- 
tent chromosomal aberrations show a rather similar 
age distribution which differs from other ANLL leu- 
kemias: they are more common in children and 
younger adults (median age about 40 years or under, 
compared with 50 years in ANLL patients overall)* 

A special type of leukemias has been observed after 
cytotoxic therapy: they often show partial or com- 



plete loss of chromosome 5 and/or 7, The region 
5q23“5q32 often appears to be critically involved in 
the development of such mutagen-induced leuke- 
mia* 

Leukemias and tumors affecting lymphocytes have 
also been analyzed, with interesting results. The best 
known example is Burkitt lymphoma, a tumor of vir- 
al origin (Epstein-Barr virus) that occurs mainly in 
the malaria belt of Africa, The tumor cells are consis- 
tently shown to have a translocation 8;i4. The missing 
part of chromosome 8 is translocated to the long arm 
of chromosome 14. In follicular lymphoma with small 
cleaved cells (FSC) chromosomes 14 and 18 are in- 
volved. Rearrangements involving the proximal 
bands of chromosomes 14 and 7 are characteristic 
for T cell leukemias* (For T cells and their receptors 
see Sect* 4.4). Chromosome 14 is also involved in lym- 
phatic leukemias of patients with AT (Sect. 10*2; 
Fig* 10,9)^ 

In the chromosome instability syndromes - and, 
more rarely, in blood stem cells of normal individuals 
- many chromosome breaks, and rearrangements 
may occur throughout life, usually leading to cell 
death* However, a few may provide the cell with a se- 
lective advantage: the cell and its progeny escape 
growth regulation, and become a malignant neo- 
plasm* The translocations offer hints regarding the 
site and the nature of changes necessary for such 
events, 

Tn lymphomas and lymphatic leukemias, two kinds of 
chromosome sites are regularly involved; one site is 
important by carrying genes involved in the function 
of the lymphatic cell* We have seen that B lympho- 
cytes produce immunoglobulins. B cell leukemias 
and other neoplasias often involve genes determining 
parts of immunoglobulin chains. The genes for the 
heavy- chain complex, for example, are located on 
i4q32, and the a light-chain gene has been mapped 
to 22qii, Chromosomal aberrations, especially trans- 
locations, leading to T cell malignancies, are often 



Fig, 10,9, Translocation t(S;i4)(q24;qii) in T cell leuke- 
mia* Short dark arrows? breakpoints in chromosomes 8 
and 14* The structure of the myc gene on no* 8 and of 
the ter A gene on no, 14 and the breakpoints in 

each are shown in the center (From Rowley 1986) 
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Table 10,3, Common chromosome changes in leukemia (modified from Rowley 1994 [61]) 

Gains Losses Rearrangements 



Myeloid leukemia 

CML (Chronic myeloid leukemia) 

Chronic phase 

Blast crisis 4Ph’ 

ANLL (Acute nonlymphocytic leukemia) 

AML (M2) +8 

APL (M3) 

AMMoL (M4) (abm eosinophils) +8 
AMoL (MS) 

M2/M4 (incr. basophils) 

M4 (incr. platelets) 

Lymphoid leukemia 

CLL (Chronic lymphatic leukemia) 

Bcell +12 

T cell 

ALL (Acute lymphatic leukemia) 

Early B-precursor 

Common +21, +6 

pre B 
B cell 

Early T- precursor 
Tcell 



t(9;22)(q34;qU) 

Rare; -7 t(9j22), i(17q) 

-7; less -5 t(8;2 1 )(q22;q22) 

t(15jl7)(q22*ql2-21) 

-7 inv(16)(pl3q22) t(l6:l6), del(16q) 

t{9;ll)(pl2iq23),t(nq),dd(llq) 
t(6;9)(p23;q34) 
t{3;3)(q21-q26)Jnv(3) 



14q + (q32) 

t(8;14)(q24iqll), inv(14)(qllq32) 
t(4:l|)(q2liq23) 

Rare t(9;22), del(6q)(q 1 5-q2 1 ), near haploid 

t(l;19)(q23;pl3) 

t(8;14)(q24;q32), t(2;8)(ql3:q24), t{S;22)(q24iql 1) 
t(9p), del(9p)(p21-22) 

t(U;14)(pl3;qll), t{8;14)(q24;ql 1 ), inv(14)(ql lq32) 



near T cell receptor genes; 14^11, for example, is the 
site of a T cell receptor gene. Two regions of chromo- 
some 7 (pi5;q35-q36), where the T cell ^ and y genes 
are located, are also often affected. Hence, one break 
point is near a gene locus that is involved in the spe- 
cific function of the cell that develops into a turnon 
The other break point is equally interesting: so-called 
pro to -on cogenes have been discovered in its neigh- 
borhood. 



\ 0 A 2 Oncogenes [ 11 . 86. 90 . 91 . 94 ] 

Basic Principles. The discovery of oncogenes has en- 
hanced our understanding of molecular mechanisms 
of cancer formation. Early studies with cell fusion 
(Sect 5,1,3) suggested that mutations at certain gene 
loci might be important for malignant transforma- 
tion, and treatment of hamster cells with polyoma 
viral DNA resulted in malignant transformation. The 
ability of some RNA viruses, the retroviruses, to in- 
duce tumors in animals had been known since the 
work of Ellermann and Bang {1908) and P. Rous 
(1911). These and later results caused many research 
workers to look for retroviruses that might be impli- 
cated in causing of human tumors. Until the end of 
the 1970s these studies failed to be convincing. In re- 
cent years, however, the introduction of new methods 



from molecular biology has led to new and important 
insights. 

The genome of a retrovirus consists of a one-strand- 
ed RNA. It comprises the following areas of informa- 
tion (from the 5* to the 3' end): 5'-regulating se- 
quence; genes for proteins necessary for the internal 
structure; reverse transcriptase gene; genes for sur- 
face glycoproteins; 3'-regulating sequence. As soon 
as the virus particle enters the cell, the reverse tran- 
scriptase produces a double-stranded DNA copy of 
the one -stranded RNA, This DNA is then integrated 
into the chromosomal DNA of the cell; integration 
may occur at many sites of the host genome. This 
DNA induces the cell to produce new viral RNA as 
well as the proteins necessary for the synthesis of 
new viral particles. 

In addition to this minimal information, genomes of 
oncogenic retroviruses carry an additional gene 
which is responsible specifically for malignant trans- 
formation of host cells. This gene is called a retro- 
viral oncogene (v-onc), DNA hydridization studies 
(Sect,3,i,3,3) using DNA probes from v-onc genes 
showed that such genes are homologous with genes 
occurring at various sites of the host genome. Under 
normal conditions, however, they do not lead to ma- 
lignant transformation. These are called proto-onco- 
genes or cellular oncogenes {c-onc}. It is now as- 
sumed that these genes became integrated into the 
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Table Characteristic rearrangements in solid tumors (modified from Rowley 1994 [ 61 ]) 





Transit! cat ions 


Genes 


Pleomorphic adenoma 


t(3;B)(p2IC2) 




Liposarcoma (myxoid) 


t(12;16)(pl3.3;pll.2) 


CHOP(12p)/Ft/S(16p) 


Synovial sarcoma 


t(X;18)(pllCl) 


OATt,2{Xp)l>. 


R hab do myosarcom a 


t(2;13)(q35-37C4) 


PAX3{2q)n 


Clear cell sarcoma of tendons 


t{12;22)Cql3C2) 


ATFt{l2)IEWS{22q) 


Ewing sarcoma 


t(U;22){p24C2) 


F7.n(Hq)/BWS(22q) 


Peripheral neuroepithelioma 


t(U;22)(q24C2) 


FUf(llq)/EWS(22q) 




Deletions-inversions 


Genes 


Meningioma-acoustic neurinoma 


dd{22)(q12) 


NF2 


Papillary thyroid carcinoma 


inv(10)(ql lq21) 


RET/Pl'C-PKA 


Parathyroid adenoma 


inv(ll)(pl5ql3) 


PTH/CCND1(PRAD1) 


Retinoblastoma 


de!(13)(ql4ql4) 


RBI 


Wilms tumor 


del(ll)(pl3pl3) 


wri 



viral genome at some time during evolution* Three 
different c-anc genes code for three tyrosine -specific 
protein kinases show homologies in the amino acid 
sequences of their gene products) and are located on 
human chromosomes 3, 15, and 20. Such protein 
kinases phosphorylate proteins and may therefore 
change their biological activity* This leads to trans- 
formation, for example, by changing properties of 
the cell surface such as by contact inhibition. Proto - 
oncogenes code for normal growth factors or their 
receptors. Thus, the sis gene codes for one chain of 
the platelet-derived growth factor and the erb-b gene 
encodes the receptor for the epidermal growth factor 
[12]* It can readily be visualized how mutant proto- 
oncogenes (see below) stimulate mitosis and cause 
cancerous growth* The platelet- derived growth factor 
is particularly interesting [12 h Together with other 
growth factors it is involved in stimulating the forma- 
tion of atheromatous lesions - an event presumably 
mediated by increased synthesis of the normal 
growth factor. Its mutant counterpart sis is involved 
in neoplastic sarcoma formation. There are structural 
differences between v-onc and the homologous c-onc 
genes; for example, the c-ohc genes, as other eukaryo- 
tic genes, consist of exons and introns (Sect* 3*1), 
whereas the corresponding v-onc genes have main- 
tained only the exons* 

Cellular Transformation. In many cases cellular on- 
cogenes were discovered by direct gene transfer 
from transformed to normal cells. The first trans- 
forming gene characterized in transformed NIH/3T3 
mice (c-Ha-riis-r) came from the human bladder car- 
cinoma cell line EJ. The genetic lesion leading to ac- 
tivation (i. e*, transforming ability) of the oncogene 



involved in this transformation was found to be a 
single point mutation, resulting in the replacement 
of just one amino acid in the gene- determined pro- 
tein. The codon GGC was replaced by GTC; the 
transversion G ^ T led to replacement of glycine by 
valine in the resulting protein. However, a search for 
this proto-oncogene in 29 human cancers failed to 
show additional instances; it appears to be rare in 
cancers* Interestingly, the viral counterpart of this 
oncogene in a mouse sarcoma virus showed a point 
mutation in the same position. Other gene activa- 
tions by single point mutations have been discov- 
ered* Moreover, some oncogenes found in other tu- 
mors showed structural similarity with the C-Ha- 
rns-2 gene. 

A transforming gene with different structure (B-/ym) 
was isolated from Burkitt lymphoma cell lines; its 
gene product is partially homologous with transfer- 
rin, the iron-transporting protein. Rearrangement of 
another gene - C-myc - was also found in Burkitt 
lymphoma cell lines. The fact that two different onco- 
genes were found in the same tumor type suggests 
the possibility that mutations at more than one gene 
locus are sometimes necessary for malignant trans- 
formation, The different steps in carcinogenesis are 
represented by sequential activation of different pro- 
to-oncogenes, leading to qualitative and quantitative 
alterations in gene expression. The mechanisms for 
such activation are now being investigated with great 
intensity since they promise insights into molecular 
events leading to malignant transformation* In addi- 
tion to point mutations, attachment of c~onc genes to 
strong promoter or enhancer regions of DNA, for 
example, by insertion of such regions close to c-onc 
genes, proved successful for transformation in vitro* 
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Table io»5- Cytogenetk-immunophenotypic correlations in malignant B-lymphoid disease (from Rowley 1994 [61 j) 



Phenotype 


chromosome abnormality 


Involved genes 


Acute lymphoblastic leukemia 
Pre-B 


t(l;19)Cq23;pl3) 


PBX1-TCF3(E2A) 


B(Slg+) 


t{8;14)(q24;q32) 


MYC-IGH 




t{2:8)(pl2;q24) 


tGK-MYC 




t(8;22)(q24;qllj 


MYC-IGl 


B or B“ myeloid 


t{9;22)(q34;qll) 


ABL-BCR 




t(4;ll)(q21;q23) 


AF4-MLI 


Olher 


50-60 chromosomes 






t(5;14)(q31;q32) 


IL3-IGH 


Non-Hodgkin lymphoma 
Burkitt type 


del(9p), t(9p) 
del(12p), t(12p) 

See Slg + ALL 


MYC-IGH-IGK-IG 


Follicular 


t(14;18)(q32;q21) 


IGH-BCL2 


Mantle cell 


t(ll;14)(ql3;q32) 




Diffuse large cell 


t(3;14)(q27;q32) 


BCL6-IGH 




t(10;14)(q24;q32} 


LYTIO-IGH 


Chronic lymphocytic leukemia 


t{14;14)(ql3;q32) 


CCNDHGH 




t{14;19)(q32;q!3) 


IGH-BCL3 




t(2;14)(pl3;q32) 


IGH 


Multiple myeloma 


t(14q) and/or 12 
t(ll;14)(ql3;q32) 


CCNDl-IGH 



However, promoter (or enhancer) insertion dose to 
an oncogene might be only one requirement for 
transformation that might require changes in other 
proto-oncogenes. 

Oncogenes Involved in Carcinogenesis Due to Chro- 
mosomal Rearrangements. The observation that the 
insertion of oncogenes near strong promoters acti- 
vates neoplastic growth raises the question of whe- 
ther in chromosomal rearrangements characteristic 
of certain neoplasias such proto -oncogene rear- 
rangements dose to promoter/ enhancer regions 
(and possibly other regulating genes) might be the 
decisive step. Therefore many groups are now inves- 
tigating oncogenes and their activities in tumors in 
relation to their localization in normal and rearran- 
ged chromosomes (Fig. 10,10), In Burkitt lymphoma, 
for example, transcription of the c-myc gene may 
increase 20-fold [95]. The human oncogene c-abl Is 
located on the terminal band of the long arm of 
chromosome 9, the same band is involved in the 
breakpoint of the 9:22 translocation in chronic 
myeloid leukemia. This as well as other evidence fa- 
vors the hypothesis that activation of oncogenes 
may indeed be involved in carcinogenesis by chro- 
mosome rearrangements. Proto -oncogenes have 
also been found as amplified copies in tumor cells. 
Double minute chromosomes and homogeneous 
staining regions of chromosomes are cytological 



counterparts of gene amplification in cancer cells. 
The myc oncogene involved in translocation of Bur- 
kitt lymphoma is overexpressed in carcinoma of 
the lungs, colon carcinoma, and promyelocytic leu- 
kemia. The N-myc gene is amplified in advanced 
stages of neuroblastoma and high levels of epider- 
mal growth factor are expressed in squamous cell 
carcinomas — presumably as a result of amplifica- 
tion of the erb-/3 gene. 

Tumor progression may be related to activities of par- 
ticular oncogenes since certain oncogenes are found 
in the more aggressive forms of the tumor. If charac- 
teristic patterns can be identified, specific targets for 
therapy are available. Oncogene analogues or anti- 
oncogene antibodies, in contrast to current cancer 
chemotherapy, would not interfere with normal cell 
function but might arrest tumor growth. 

From the available data, however, one general rule re- 
garding the role of chromosome rearrangements for 
malignant transformation emerges [60]: such an re- 
arrangement “brings together two genes that are nor- 
mally far apart under different regulatory control. As 
a general rule, one of these genes would be related to 
growth control in a particular ceO type and stage of 
differentiation, and the other gene would produce a 
protein whose function played a central role in the 
same cell type in the same stage of differ entation.” 
The types of growth control genes within rearrange- 
ments may be quite different (Rowley 1994 [61]). Tyr- 
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Fig. 10.10. Chromosomal fragile sites, localizations of onco- 
genes, and localization of chromosomal breaks in chromoso- 
mal aberrations leading to cancer. Diagram of chromosomes 
containing known fragile sltesj the chromosome number, fra- 
gile sitOi oncogene, karyotypic aberrations and associated 
neoplastic diseases are indicated below the chromosome. 
ArrowheadSj to left of each chromosome, bands carrying the 
fragile site (►) or celular oncogene arrow(s), to right 
of a chromosome, specific bands involved in consistent trans- 
locations (^) or deletions ( — ) observed in patients having 
the disorders listed. Additional symbols #, +) link the 



aberration to a disease. BI, Burkitt lymphoma; ALL, acute 
lymphoblastic leukemia; ANLLt acute nonlymphocytic leuke- 
mia; AML^ acute myeloblastic leukemia; CML, chronic myelo- 
genous leukemia; AM MOL, acute myelomonocytic leukemia; 
AMOL, acute raonoblastic leukemia; BQ blast crisis; NHLt 
non-Hodgkin lymphoma; CLl, chronic lymphocytic leuke- 
mia; A PL, acute pro myelocytic leukemia; MPD, myelopro- 
liferative disorder, p, Short arm; q, long arm of the chromo- 
some; f, del^ mv, translocation, deletion and inversion, 
(From Yunis and Soreng 1984 [1762]) 



osine and serine protein kinase genes^ cell surface re- 
ceptor genes, growth factors, genes for mitochondrial 
membrane proteins, cell-cycle regulator genes, and 
genes for myosin and for ribosomal proteins may be 
involved. Such genes may not only have different 
functions but different structures as well. There are 
homeobox (Sect. 8.4.1), helix -loop -helix, zinc finger 
genes, and several other types. This shows that prop- 
er regulation of cell growth normally depends on 
many mechanisms; disturbance of any of them may 
lead to the loss of control and to malignant transfor- 
mation. 

Oncogenes — at least those known at present — cer- 
tainly do not provide the entire answer to the ques- 
tion on mechanisms of carcinogenesis. In most hu- 
man tumors, for example, activated oncogenes have 
not been found (which might well be because not all 
oncogenes are already known). In other tumors, how- 
ever, another class of genes was found to be impor- 
tant: the “tumor suppressor” genes. 



10A5 Tumor Suppressor Genes 

Retinoblastoma (180200). Retinoblastoma is an eye 
cancer of children that occurs as both an inherited 
or a noninherited type [82, 83]. The inherited type 
shows an autosomal -dominant mode of inheritance 
with about 90% penetrance; the penetrance varies 
somewhat between famiUes [51]. Approximately 68% 
of all inherited cases are bilateral; the rest are uni- 
lateral. In some of the bOateral cases more than one 
primary tumor in the second eye was observed 

[36-39]^ 

Many cases of retinoblastoma are sporadic, i. e., they 
are the first in an otherwise healthy family. Within 
this group, only some 20%-25% are bilateral. Spora- 
dic cases belong to either of two groups: dominant 
new mutations with 50 % heterozygous and 45 % af- 
fected offspring and nonhereditary cases. All bilateral 
sporadic cases are new mutations; the segregation ra- 
tio among their offspring is not far below 50% [67], 
Among the unilateral sporadic cases about io%-i2% 
are new mutations, and the rest are nonhereditary 
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Table io,6. Recurring structural rearrangements in malignant myeloid disease (from Rowley 1994 [61]) 
Disease Chromosome abnormality Inolved genes 



Chronic myeloid leukemia 
Blast phase 

Acute myeloid leukemia 
AML-M2 
APL-M 3 , M3V 
AMMoL'M 4 £o 
AMMoL-M 4 /AMoL-M 5 



AML 



Therapy- related AML 



t(9a2)(q34;qll) ABL-BCR 

1(9^2) with + 8, + Ph -M9. or i(17q) ABL-BCR 



I(8;21)(q22;q22) 

t(l5;l7Hq22;ql2) 

inv(l6){pl3q22) or t(16;I6)(pl3:q22) 

!(9;n)(q22:q23) 

t(ia;Il){pll-pl5:q23) 

t(il;i7)(q23;q25) 

t(ll;19Kq23;pl3) 

other t(Uq23) 

del(ll)(q23) 

l(6;9)(p23^q^4) 

t(3;3)(q2l;q26) or inv(3)(q2lq26) 

+21 

-7 or delC 7 q) 

-5 or del( 5 q) 
del(20p) 

t(l2p)ordel(l2p) 

-y 

-7 or del( 7 q) and/or -5 or del{ 5 q) 

tUlq23) 

t(3:3lHq26jq22) 

der(I)t(l;7)(qlO;plO) 



ETO-AMU 

PMLRARA 

MYHU-CBFB 

AF9-MLL 

r-MIL 

MlL-r 

MLL-ENL 

MIL 



DEK-CAN 

f-EVn 



IRFl? 

MLLt 

EAP/MDS 1/EV!FA ML t 



cases. The consequences of this situation for genetic 
counseling have been described [83] (see Appendix 6 
for example). 

Mutations Necessary to Create a Malignant Cell Clone 
[35] . Two steps are necessary for creating a malignant 
cell clone* The first mutation has no untoward effects 
but makes such a mutant cell vulnerable to tumor 
formation when a second, independent, mutation oc- 
curs, A malignant cell clone may then develop. In 
the inherited type of retinoblastoma, the first muta- 
tion is already present in one of the two germ cells 
which form the individual - either by transmission 
from one parent or by new mutation in the parent’s 
germ cell. Therefore such a germinal mutation is pre- 
sent in all cells of the individual. Malignant transfor- 
mation of such a mutant single cell requires only 
one additional step. The probability of this additional 
somatic mutation is low, but not extremely low, and 
all cells of the embryonic retina are at risk* Such a 
mutation may occur not at all, thereby explaining in- 
complete penetrance. If the additional mutation oc- 
curs once only, the result is unilateral retinoblastoma. 
When it happens twice or even more often, bilateral 
and/or multiocular retinoblastoma results. 

In noninherited cases, on the other hand, both muta- 
tions must occur independently in the same retinal 



cell to create the malignant cell clone. The probability 
of these two events occuring in the same retina is so 
low that it is likely to occur only once in any indivi- 
dual* Therefore all noninherited retinoblastoma cases 
are unilateral and unilocular. Knudson (1977) [37] 
and later references) refined this hypothesis, suggest- 
ing that the first mutation may make the cell or (in 
inherited cases) the body heterozygous for a certain 
gene* The second mutation affects the allele of the 
same gene on the homologous chromosome, making 
the cell homozygous. This hypothesis explained why 
only one or a few cells become malignant in a multi- 
cellular organism, and provides a convincing expla- 
nation for the observation that in inherited, but not 
in noninherited cases, more than one primary tumor 
may occur. How could this hypothesis be con- 
firmed? 

As long ago as 1963, a I3q deletion was described in 
all cells of a patient with bilateral retinoblastoma 
and some (not very impressive) additional constitu- 
tional abnormalities [44]* In recent years, an increas- 
ing number of such patients have been discovered: in 
many of them only a very small segment of the long 
arm of chromosome 13 was deleted or involved in a 
reciprocal translocation (Fig. 10*11). By comparison 
of many such observations the deleted segment could 
be identified as i3qi4; (or even 13914,13; Fig, 10,11), 
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Fig* 10,11* Deletions in patients with retinoblastoma* Seg- 
ments of chromosome 13 lost in cases with retinoblastoma, 
reported by Francke and Taylor, Orye et al., Knuds on, Ozawa, 



Sparkes, Yunis, Wilson, Cross, Wilson* The stippled lines in 
each example refer to the extent of deletions. (From Vogel 
1979 [1726]) 



These observations raised another question: Might 
the second step “ that leading to the development of 
a malignant cell clone - consist in deletion of a chro- 
mosome segment in the region i3qi4? In this case all 
tumor cells should show this deletion* Involvement 
of the 13914 region has indeed been confirmed in 
many cells from patients with the inherited as well 
as the noninherited variants [2]* 

The mechanism has been elucidated by studies at the 
gene - DNA level [3 j 8, 23]* The decisive step occur- 
red indeed in the homologous chromosome carrying 
the normal allele. Sometimes, DNA markers from 
one parent were lacking in the tumor cells altogether 
indicating that the chromosome from this parent had 
disappeared^ been replaced by a second copy of the 
chromosome carrying the mutant retinoblastoma 
gene; in other cases recombinational events involving 
only a part of the normal chromosome led to the 
same consequence: the hemizygous mutation was 
made homozygous (Figs. 10.12, 10.13}. The signifi- 
cance of this result extends beyond this specific case* 
It suggests that events such as nondisjunction or re- 
combination could be much more common in somat- 
ic tissue than hitherto expected* This might explain 
various phenotypic peculiarities and even diseases. 
More specifically, it may offer explanations for other 
autosomal -dominant tumor diseases* 

Once the mutant gene had been localized to region 
13914,11, the way was open for identification of the 
gene and its fiinction. A suitable DNA probe was 
found in a DNA library of chromosome 13; the DNA 
segment identified by this probe was lacking in tu- 
mor tissues from retinoblastoma (Rb) patients* The 



corresponding mRNA is present in normal retinal 
ceils but not in Rb tissue. The Rb gene found using 
this cDNA is approx* 190 kb long and has 27 exons 
encoding a mRNA of 4600 base pairs [17, 43, 92]* 
The gene-determined protein is a nuclear phospho- 
protein that limits cell proliferation* It probably is in- 
volved in the regulation of the cell cycle and, specifi- 
cally, in the decision between cell division and differ- 
entiation [29]* During phases the Rb protein is 

not - or is very weakly - phosphorylated; phospho- 
rylation is much stronger during S and phases 
and, partially, during mitosis* Phosphorylation is 
performed by cyclin-dependent kinases. For normal 
function a single dose of this gene is sufficient. Ana- 
lysis of the function of this protein has already con- 
tributed to our knowledge on mechanisms by which 
adenoviruses turn normal cells into tumor cells: the 
oncoprotein of an adenovirus transforms infected 
cells by binding to the protein determined by the 
normal Rb gene [88], 

Investigations on the Rb gene laid the foundation for 
our knowledge of a new type of genes involved in ma- 
lignant transformation of cells* These have been 
named “tumor suppressor genes,” and they have also 
been found later in other tumors* Moreover, these re- 
sults are now helping in genetic counseling for retino- 
blastoma, including prenatal diagnosis, since the gene 
can be identified directly (see Appendix 8). 

Genetic Syndromes Associated with Tumors. Osteosar- 
coma frequently occurs in patients with retinoblasto- 
ma* In such cases, as in retinoblastoma, homozygos- 
ity of the identical locus at chromosome 13 has also 
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Fig. 10.13. Homozygosity of the Rb allele produced 
by a mitotic recombinational event (crossing over 
between two of the four chromatids in the 
phase)- ESTD, Esterase D locus; pyFiz, p9Diij pIES, 
DNA fragment length polymorphisms. The cap on 
the chromosome with the wild allele on the Rb lo- 
cus represents a C- stained hetero chromatic marker. 
(From Cavenee et al. 1983 [1431I) 



been demonstrated [40]. Homozygosity of an identi- 
cal site thus can cause either retinoblastoma or osteo- 
sarcoma. In Wilms tumor, as predicted by Knudson, a 
site on chromosome u, (npi3), is rendered homozy- 
gous by similar mechanisms. Here an occasional au- 
tosomal-dominant syndrome is found characterized 
by aniridia j genitourinary abnormalities (gonado- 
blastoma, ambiguous genitalia) and mental retarda- 
tion (WAGR), The same locus appears to be involved 
in Beckwith-Wiedemann syndrome, which is associ- 
ated with a variety of embryonal tumors (Table 10.8). 



The common mechanism of these various tumors 
also involves development of homozygosity for a site 
on chromosome 11 [40]. 

An especially interesting protein has been shown to 
be lacking (or reduced in function) in another, domi- 
nantly inherited family cancer syndrome; the Li- 
Fraumeni syndrome (151623). Family members suffer 
from childhood sarcoma, breast cancer, leukemia, 
brain tumors, and other tumors. The gene has been 
mapped to 17P13. Its product is the tumor suppressor 
P53 protein whose lack or malfunction has been in- 
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Table 10,7, Functional classification of transforming genes at translocation junctions (from Rowley 1994 [61]) 





Location 


Translocation 


Disease 


SBC family (TYR protein kinases) 
ABl 


9q34 


t(9;22) 


CML/ALL 


LCK 


lp34 


t{l:7) 


T-ALL 


ALK 


5q35 


t(2;5) 


NHL 


Serine protein kinase 
BCR 


22qll 


t(9;22) 


CML/ALL 


Cell surface receptor 
TANI 


9q34 


t(7;9) 


T-ALL 


Growth factor 
IL2 


4q26 


t(4;16) 


T-NHL 


lU 


5q31 




Pre B-ALL 


Mitochondrial membrane protein 
BCL2 


lSq21 


t(14il8) 


NHL 


Cell cycle regulator 
CCNDI (BCLl-PRADl) 


llql3 


t(H;4) 


CLL/NHL 


Myosin family 
MYHn 


I6pl3 


inv(I6), t(16;16) 


AML-M4EO 


Ribosomal protein 
EAP (L22) 


3q26 


t(3i21) 


t-AML/CML BC 


Unknown 

DEK 


6p23 


t(6;9) 


AML-M2/M4 



CML, Chronic myeloid leukemia; ALLj acute lymphoblastic leukemia; T-ALL, T-cell ALL; NHL, non^Hodgkin lymphoma; Pre 
B-ALL, pre-B-cell ALL; CLL, chronic lymphocytic leukemia; AML, acute myeloid leukemia; CML BC, CML in blast crisis. 



ferred in numerous hereditary and nonhereditary tu- 
mors. As with the Rb protein, it is also a phosphopro- 
tein probably involved in normal blocking of the cell 
cycle at the end of the phase [45, 85]. 

A Combination of Mutations in Oncogenes and Tumor 
Suppressor Genes: Polyposis and Colon Cancer. Two 
different types of mutations were discussed that may 
lead to cancer: mutations and structural changes in 
and around oncogenes turning harmless and useful 
genes into those that actively promote uninhibited 
cell growth; and mutations in tumor suppressor genes 
removing a kind of “brake” of cell growth so that the 
normal process of blocking of cell division no longer 
functions. However, turning a normal cell into a can- 
cer cell is never - or only in rare instances - a simple 
one-step process. Malignant transformation generally 
occurs in two (or more) stages. These stages are 
caused by stepwise elimination of various control 
mechanisms. These mechanisms may be determined 
either by oncogenes, by tumor suppressor genes, or 
by both. 

An example is famOial adenomatous polyposis (FAR; 
175100; Fig. 10.14}, an autosomal-dominant condition 
leading to a great number of adenomatous but be- 



nign polyps throughout the colon and rectum. Soon- 
er or later one or a few of these polyps turn malig- 
nant; metastases occur, and the patient dies from 
colorectal cancer, often in young adult age. The 
gene has been localized to 5q22; It is a tumor sup- 
pressor gene [32]. Mutations at this locus alone are 
not sufficient to produce cancer; further steps are 
necessaryj involving, in addition to loss of chromo- 
somes 18 and 17, also a mutation of the ras onco- 
gene. 

FAP is a rare condition; fewer than 1% of cases with 
colorectal cancer are caused by this condition. How- 
ever, in about 15 % of patients with colorectal cancer 
who do not have FAP, familial aggregation is ob- 
served; there are no polyps, and no simple mono- 
genic mode of inheritance can be found by pedigree 
studies. De la Chapelle and Vogelstein discovered a 
gene on chromosome 2 that appears to have a desta- 
bilizing effect on the genome^ basically similar to the 
chromosome instability syndromes discussed above 
[50]. Tumors of such patients often show characteris- 
tic replication errors leading to shifts in the position 
of di- and trinucleotide DNA markers at electrophor- 
esis, This may indicate a new mechanism of tumori- 
genesis [1 a] caused by a mutation in a DNA replica- 
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Table 10 . 8 . Some genetic syndromes associated with tumors 
Genetic syndrome Tumor Chromosome 



Beckwith-Wiedemann syndrome 



Aniridia, genitourinary abnormalities, 
retardation, mental (WAGR syndrome) 

Neurofibromatosis 

Multiple endocrine neoplasia (type II) 
Basal cell nevus syndrome 



Li-Fraumeni syndrome 



Hepatoblastoma 1 1 pi 5.5 

Rhabdomyosarcoma 

Wilms tumor 

Adrenal carcinoma 

Wilms tumor 1 1 p 1 3 

As trocy toma 1 7q 1 1 , 2 

Sarcomatous transformation 

Medullary thyroid cancer lOqlLl 



Medulloblastoma 
Astrocytoma 
Ovarian cell cancer 
Hamartoma 

Soft tissue sarcoma 13pl (p53 gene) 

Osteosarcoma 

Breast cancer 

Adenocarcinoma of the lung etc. 



Normal 

epithelium 


— 


Hyper- 

proliferation 

epithelium 


¥ 


Adenoma 
class 1 


¥ 


Adenoma 
class El 




Adenoma 
class III 




Carcinoma 


— 


Metastasis 



eD^elium ^ 

I I I I I I 



Chromosome 5 Ras gene 

gene alteration mutation 

(for example in 
polyposis cdO 



DMA loses 
methyl groups 



Chromosome 18 
loss 



Chromosome 1 7 Other chromosome 
loss loss 



Fig. 10 . 14 . A model for the formation of colorectal tumors. A 
series of successive genetic alterations is necessary to create 
a malignant cell, including activation of the ras oncogene 



and (probably) loss of tumor suppressor genes on chromo- 
somes 5 » iZ and 18 . (Adapted from Vogel stein and Xinzler 
1992 [ 85 ]) 



tion factor causing reduced fidelity for replication 
and repair - a mutator mutation [56 a]. The affected 
gene turned out to be highly homologous to a gene 
involved in mismatch repair in bacteria and yeast 
[32a]. A total of 4 different chromosome loci involved 
in mismatch repair have been identified. Mutations at 
two of these sites (chr 2pi6 and chr 3p2i) account for 
90 % of hereditary nonpoiyposis colon carcinomas. 
Still other tumors occur as noninherited, solitary 
events as well as dominantly inherited types with 
multiple tumors. In skin tumors this is a well-known 
dichotomy [69]: solitary tumors are usually non- 
inherited. whereas multiple tumors of the same histo- 
logical type are dominantly inherited. Examples in- 
clude neurofibromatosis versus single neurofibromas> 
multiple versus single lipomas, multiple versus spora- 
dic cutaneous leiomyomas, multiple versus sporadic 



glomus tumors, or the basal ceU nevus syndrome ver- 
sus single basal cell nevi [4]. 

Knuds on has adduced epidemiological and statistical 
evidence that similar mechanisms may apply in a 
variety of other childhood tumors, such as neuroblas- 
toma and pheochromocytoma. In these conditions 
both sporadic and hereditary cases are postulated. 
The hereditary cases are more often familial, are fre- 
quently bilateral, occur at an earlier age, and involve 
more than one site (i.e., both adrenals in neuroblas- 
toma) [36, 38, 53]. 

“Cancer families” are known for other malignant tu- 
mors. Carcinoma of the esophagus in many patients 
of a family with a special type of tylosis palmar is 
and plantaris has been discussed in Sect 6.1 
(Fig. 6,24). In this as well as in other examples of 
dominant inheritance of an increased liability for 
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neoplasia> the tumors tend to occur earlier in life 
within these families than in the more common 
sporadic variety of the same cancer* There is often 
an increased tendency to multiple occurrences in the 
same individual* Again, these observations suggest a 
genetically determined and dominantly inherited in- 
creased probability for malignant transformation* 

10 A4 A Ganetic View of Human Cancer 

The various data regarding cancer in humans allow 
some generalizations. Men deli an inheritance in hu- 
man cancer is rare, but a variety of benign tumors 
particularly can be inherited as Mendelian traits* 
Neurofibromatosis, familial adenomatosis polyposis, 
and the various multiple endocrine neoplasia syn- 
dromes are examples [46, 56]* Malignant transforma- 
tion is common in most if not all of these conditions. 
The chance of malignant transformation may be rela- 
ted to the turnover time of the affected cell. With 
more frequent cell divisions a malignant tumor cell 
is more likely to develop* It may be no coincidence 
that in the rapidly turning- over epithelium of the 
large bowel colon cancer invariably appears following 
benign hereditary polyposis. 

Another tumor mechanism may be more generally 
applicable to some other tumors: homozygosity (as 
found in retinoblastoma, Wilms tumor, and other 
embryonal tumors) produced by an inherited germ- 
inal mutation and followed by a somatic mutation or 
somatic rearrangement in a single somatic cell* 
Chromosomal abnormalities are often seen in cancer 
cells but are rarely unique. They are usually consid- 
ered to reflect abnormalities secondary to disordered 
growth. In addition to the translocation in chronic 
myelogenous leukemia, other nonrandom chromoso- 
mal changes (Table 10.3} were identified first with in- 
creasing frequency in various hematological malig- 
nancies where detailed studies were more readily 
possible. In fact, Yunis has claimed that with high- 
resolution banding of chromosomes most tumors 
can be shown to have characteristic chromosomal de- 
fects [96]* General rules are emerging such as that 
suggested by Rowley [60]: in the structural rear- 
rangements, a gene for growth control must come in 
close apposition to a gene having a specific function 
such as production of an important protein in a dif- 
ferentiated cell type. Of course, this is not the full ex- 
planation, but it does direct our thinking toward 
such explanations* 

The association of tumors with the autosomal- reces- 
sive chromosomal breakage syndromes is certain 
and is particularly interesting in xeroderma pigmen- 
tosum, where the basic lesions have been identified 
as a defect of DNA repair following exposure to UV 



light. Suggestions that the much more common het- 
erozygotes for these syndromes may also suffer from 
increased frequency of cancer makes pathophysiolo- 
gical sense but needs further documentation [84]* 
The possibility that a significant proportion of hu- 
man malignancy is caused by the carrier state for a 
variety of breakage syndromes will be of great public 
health importance for tumor prevention after tests 
for carrier detection of these defects become readily 
available. 

Various genetic defects affecting chromosome break- 
age and repair, as well as lack of immune surveillance 
in the presence of environmental carcinogens are 
likely to produce neoplasias* Additional genetic fac- 
tors bearing on environmental carcinogenesis relate 
to abnormal metabolism of carcinogenic environ- 
mental agents* Judging from twin studies in pharma- 
cogenetics (Sect. 7*5*1), it is likely that metabolism of 
most foreign agents is under genetic control Both 
slow bio transformation and the existence of enzyme 
systems that transform procarcinogens into more po- 
tent cancer-causing agents cause a certain proportion 
of the population to be at higher risk for genetic rea- 
sons, Data on arylhydro carbon hydroxylase levels (an 
enzyme that transforms polycyclic hydrocarbons into 
more carcinogenic agents), the debrisoquine-spar- 
teine system and glutathione transferase in lung can- 
cer in humans suggest such mechanisms (Sect* 7*5.2), 
Many of the chemicals that are mutagenic in bacterial 
test systems are also carcinogenic in animal systems. 
Viral causation of human tumors is most certain in 
Burkitt lymphoma, a tumor that is clearly of mono- 
clonal origin* The fact that chromosome 14 and chro- 
mosome 8 are involved in the development of Burkitt 
lymphoma makes this tumor a model relating viral 
causation, monoclonal origin, oncogenes, and clonal 
chromosomal evolution* 

Studies on oncogenes helped to bridge the gap be- 
tween spontaneous and mutagen- and virus-induced 
somatic mutation by showing that oncogenes can be 
“activated,” i,e„ turned from normal and necessary 
to cancer-promoting genes, either by classical point 
mutations or by rearrangements effected by passage 
through a virus. In many laboratories scientists are 
working on the molecular mechanisms of “activa- 
tion” of oncogenes or “inactivation” of tumor sup- 
pressor genes* Changes and anomalies in DNA me- 
thylation, as discussed in Chap. 9 on gene mutation, 
may be important. For example, genomic imprinting, 
which is thought to be caused at least in part by me- 
thylation differences of maternal and paternal ge- 
nomes (Sect, 8,2) has been observed in retinoblasto- 
ma, and anomalies of methylation have been shown 
in Wilms tumor [62]* 

Striking familial aggregation of tumors occurs only 
in the various hereditary tumor syndromes and occa- 
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sionally in so-called cancer families, which are char- 
acterized by (a) increased occurrence of adenocarci- 
noma, primarily of colon and endometrium, (b) in- 
creased frequency of multiple primary malignant 
neoplasms, (c) earlier age at onset, and (d) vertical 
transmission compatible with autosomal-dominant 
inheritance. With many tumors, such as carcinoma 
of the breast and stomach, a modest familial aggrega- 
tion is found. 

Such statistical results must be considered with cau- 
tion, Members of the same families share not only a 
part of their genes but a part of their environment, 
so that familial aggregation may be entirely environ- 
mental. However, evidence is accumulating that ge- 
netic mechanisms such as those discussed here for 
rarer tumors with predominantly genetic causes may 
also occur in common types of malignancies. The ex- 
ample of colorectal cancer [i] has been mentioned. 
Many studies are also being performed on breast can- 
cer. They agree on the conclusion that there is an au- 
tosomal dominant gene with approx, 8o% penetrance 
if incidence over lifetime is considered. This gene 
also predisposes to ovarian cancer. Among cases af- 
fected as early as at ages 20-29, about 36% are 
thought to have this gene; the fraction decreases 
markedly among patients 30 years or older [9]. Often, 
both breasts are affected. Linkage studies in families 
with early onset identified a gene at I7q2i [13], which 
may also be involved in some families with later onset 
[48], The gene has been cloned [83a]. Many different 
mutations at this locus (BrCAi) have been found 
[52a]. It is of some interest that 1% of Ashkenazi Jew- 
ish women carry a specific mutation at this locus 
[120a], A second breast cancer gene (BrCAi) has 
also been identified [149 a]. The fact that these mu- 
tant genes can be diagnosed early in life raises intri- 
guing questions regarding appropriate strategies of 
prevention or early diagnosis. 

Chromosome studies in breast tumor tissue have sug- 
gested - among various, random anomalies, 3p-dele- 
tions in some tumors [58]. Further studies will prob- 
ably reveal a similar chain of events in this tumor as 
has been found in colorectal cancers. It is well known 
that the risk for breast cancer is influenced, in addi- 
tion to genetic factors, by external factors such as 
number of pregnancies and possibly by diet. Interac- 
tion of these influences with genetic factors still 
dudes our understanding. 

The changing epidemiological pattern of some tu- 
mors, such as the increasing frequency of lung cancer 
and the decreasing frequency of gastric cancer in the 
past generation, clearly suggests that genetic factors 
alone cannot explain the predisposition to these can- 
cers. We know that cigarette smoking is related to 
lung cancer and suspect that disappearance of carci- 
nogens because of better food preservation has re- 



duced the frequency of stomach cancer. The fact that 
only a certain proportion of heavy cigarette smokers 
develop lung cancer argues against a simple environ- 
mental explanation. It is most likely that specific 
environmental factors, such as the hydrocarbons of 
cigarette smoke and other irritants, interact with spe- 
cific genetic factors, such as those affecting hydrocar- 
bon metabohsm, DNA repair, genetic variability at 
sites of proto -oncogenes and tumor suppressor genes, 
as well as immunological surveillance in determining 
the establishment of a clinically significant lung can- 
cer, Tn occasional cases either the environmental fac- 
tor alone or the genetic factor alone is likely to be ex- 
clusively important. In most cases, however, the inter- 
action of heredity and environment is probably op- 
erative. Since a large number of environmental agents 
and numerous genetic mechanisms appear to be in- 
volved in various cancers, no simple panacea to pre- 
vent ail cancers is likely to be found. Hopefully, iden- 
tification of genetically susceptible subgroups of the 
population by simple laboratory tests will become 
possible with better understanding of the various 
mechanisms underlying genetic susceptibility to var- 
ious cancers. These groups can then be informed 
about individual risk factors for specific types of can- 
cer, and regular examinations can be offered at a lar- 
ger scale than at present, and with better, more indi- 
vidualized surveillance. Warning against certain en- 
vironmental agents such as smoking may then be 
more successful. 



10.5 Somatic Mutation and Aging 

Aging and Death. Humans are the only living beings 
who know about their inevitable death. The difficul- 
ties in accepting this knowledge are epitomized by 
the enormous importance of death cults in cultural 
evolution - from the burial rites among Neandertals 
and highly sophisticated cultures dedicated almost 
exclusively to taking care of the deceased, such as 
the Egyptians, to the heaven-and-hell beUefs of some 
present-day reUgions. In earlier periods, death gener- 
ally came suddenly and often at a young age. With the 
development of modern life styles, and especially 
modern medicine, we have gained decades of life 
span. As a result we are now confronted with the 
slow deterioration of our biological capacities during 
aging. An increasing proportion of the population, 
particularly in industrialized societies, consists of 
the elderly; a large part of medical practice is now de- 
voted to geriatric medicine. This has created many 
new social, biological, and medical problems. 

Twin and family investigations in humans have 
shown a relatively strong genetic influence on life ex- 
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pectation [31], Moreover, the onset and natural his- 
tory of many physical and mental diseases is age de- 
pendent. 

Studies on Biological Mechanisms of Aging in Single 
Cells [33]. The notion that aging and death might be 
reduced to properties of the single cell was first put 
forward by the zoologist A. Weismann some 100 years 
ago. He suggested that the origin of “natural death” 
lies in the limitation of somatic cells' powers of repro- 
duction: “Death takes place because a worn-out tissue 
cannot forever renew itself, and because a capacity 
for increase by means of cell division is not everlast- 
ing but finite” (Weismann 1891 [93]). Weismann was 
also the first to suggest that too long a survival of a 
multicellular organism beyond the period of repro- 
duction and care for offspring would carry a selective 
disadvantage to the species, 

Weismann's hypothesis of somatic cell deterioration 
seemed to be refuted by the claim of A. Carrell 
{1912) that chicken somatic cells could be cultured 
outside the donor indefinitely For a long time this 
“potential immortality” hypothesis was generally ac- 
cepted and was among the most popular biological 
“results,” Failures to reproduce these findings were 
explained by inappropriate culture conditions and 
other methodological factors, until the careful ex- 
periments of Hayflick in the early 1960s [26] estab- 
lished that CarrelFs claim had been wrong. It is now 
widely accepted that normal diploid, mammalian fi- 
broblasts can undergo only a finite number of ceO di- 
visions; for human embryonic fibroblasts this num- 
ber is about 50 + 10. On the other hand, heteroploid, 
transformed cells generally appear to multiply indefi- 
nitely 

Several studies have explored the link between aging 
of the organism as a whole and the limited number 
of cell divisions in somatic cells. If cells stop dividing 
in culture because they have “exhausted” an intrinsic 



maximum number of divisions, their in vitro capaci- 
ty for division should decrease with increasing age 
of the donor. In fact, this has repeatedly been demon- 
strated [49, 68], Another implication of this hypo- 
thesis is that cells of short-Uved species would be 
able to undergo fewer divisions than those of long- 
iived ones. This, too, was confirmed when cells from 
humans {maximum life span - 110 years) were com- 
pared with those from mice (3.5 years). Mouse fibro- 
blasts can undergo only 14-28 divisions in vitro. 
However, when other species are included in the com- 
parisons, the association between species-specific life 
span and ability of cells to divide in vitro is blurred. 
Moreover in humans, even cells taken from very old 
persons maintain the capacity to divide about 
20 times. 

The significance of such cell studies for the problem 
of aging appeared to increase when it was discovered 
[49] that cells affected by Werner syndrome 
(277700) have a markedly reduced capacity for divi- 
sion in cell culture. The main clinical signs of this au- 
tosomal-recessive syndrome are cataracts, subcuta- 
neous calcifications, premature graying, premature 
arteriosclerosis, skin changes, diabetes mellitus, a 
higher incidence of malignant tumors, chromosome 
instability and a prematurely aged face (Fig, 10.15), 
Life expectancy is considerably reduced [15, 66]. The 
cells in Werner syndrome show many different chro- 
mosome rearrangements (“variegated translocation 
mosaicism”, see [66]), suggesting an unusual type of 
chromosome instability Werner syndrome has some- 
times been regarded as a genetic model of premature 
aging. However, while some of the clinical and patho- 
logical findings resemble those found during the nor- 
mal aging process, many others do not. 

Molecular and Chromosomal Mechanisms. Many stu- 
dies are in progress on molecular and chromosomal 
mechanistns, but so far no coherent and generally ac- 



Fig, 10.15, A Japanese-Amerlcan woman with Wer- 
ner syndrome as a teenager and at 48 years of age. 
She had eight sibs, two of whom were also affected, 
(From Salk 1982 [66]) 
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cepted theory has emerged. With considerable over- 
simplification, two groups of hypotheses can be dis- 
tinguished. One posits that the ceasing of cell divi- 
sions is somehow programmed by a biological me- 
chanism of regulation. An important argument in fa- 
vor of this hypothesis is the observation that trans- 
formed cells are not limited in their dividing capacity 
The other group of hypotheses postulates that cells 
lose their dividing capacity by accumulation of “er- 
rors” that prevent them from dividing when a certain 
threshold is exceeded. Such errors may occur some- 
where at the translational or posttranslational level; 
they may also occur at the DNA level in the form of 
somatic mutations. The latter hypothesis, which was 
first proposed by Szilard in 1959 [81] and extended 
by Burnet in 1974 [7], is supported by evidence of an 
increasing frequency of somatic mutations with age 
in vitro [i8] and in vivo. For instance^ the fraction of 
lymphocytes having a defect of HPRT that makes 
them resistant to 6-thioguanine increases with age 
[54]. Accumulation of mitochondrial mutations has 
been observed in normal cells and may be a further 
cellular aspect of aging [88] {Sect. 4.1.9). However, 
the somatic mutation theory does not explain all phe- 
nomena of cell aging; accumulation of errors at var- 
ious posttranslational levels is also likely [28]. 

How does the transformed cell, however, escape the 
consequences of such an accumulation of errors, re- 
gardless of whether they are produced by somatic 
mutation or by another error-prone process? So far 
this problem does not seem to have been solved. Sev- 
eral possible mechanisms [33] are under scrutiny 
among them reactivation of normally suppressed cor- 
rection mechanisms or more rapid selective elimina- 
tion of cells harboring such errors. In conclusion, it 
is likely that somatic mutations contribute to the pro- 
cess of normal aging just as they are involved in can- 
cer formation, which is also an age-dependent pro- 
cess. But how much they contribute and how they in- 
teract with other cellular processes is largely un- 
known. 



Conclusions 

Mutations may occur not only in germ cells but also 
in somatic cells. Depending on the genes involved, 
there may be no phenotypic effect at all, or various 
deviant phenotypes may occur. Probably all malig- 
nant tumors and leukemias owe their origins to so- 
matic mutations affecting a single cell which acquires 
a selective growth advantage over its sister cells. Of- 
ten several additional somatic mutations are required 
for the development of malignancy. The Philadelphia 
chromosome in chronic granulocytic leukemia is a 
cardinal example of a microscopically visible somatic 



mutation. Studies on neoplasias have led to the dis- 
covery of two main classes of genes: “oncogenes” 
and “tumor suppressor genes.” The normal function 
of these genes involves various aspects of the regula- 
tion of cell division. Some inherited malignant tu- 
mors (such as retinoblastoma) are caused by a trans- 
mitted mutation of a tumor suppressor gene via the 
germ line. A somatic mutation of the allelic partner 
of this gene initiates malignant growth by homozy- 
gous loss of tumor suppression. 

Some rare autosomal -recessive DNA repair defects 
and chromosomal instability syndromes (Fan coni 
anemia. Bloom syndrome) are associated with a 
high frequency of various cancers, presumably 
caused by the characteristic underlying mutations 
predispoing to malignancies in various somatic tis- 
sues. 

Somatic mutations probably also cause some of the 
changes observed in normal aging. 
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11 Mutation: Induction by Ionizing Radiation and Chemicals 

I regard it as a piece of relatively good news for society that our genetic material 
does not appear to be as susceptible to the mutagenic effects of ionizing radiation 
as was at some time feared . . . My best guess is that at currently regulated levels 
of chemical exposures, there is no more of a genetic problem [of chemical mutagenesis] 
than there is with respect to .. . radiation exposure. 

(J. V.Neel, Physician to the Gene Pool, 1994) 



Public Interest in Induced Mutation. The preceding 
chapter discussed spontaneous mutations. “Sponta- 
neous” here means that these mutations are unpre- 
dictable and without known cause, even though we 
know that some conditions - such as parental age - 
may enhance the probability of mutation. This prob- 
ability increases under the influence of certain 
agents, such as energy-rich radiation and a number 
of chemicals. Since human beings in their normal en- 
vironments are exposed to a variety of these agents, 
research on induced mutation is receiving more and 
more attention from the general public. Relatively 
large amounts of money have been allotted to this 
work, and scientists are expected to advise political 
authorities as to protective measures. In regard to 
radiation-induced mutations, an appropriate return 
from these investments has been forthcoming for a 
number of years. The World Health Organization, 
the International Commission on Radiation Protec- 
tion (ICRP), the United States National Academy of 
Sciences, and other influential organizations have es- 
tablished expert groups and, with their help, have 
published estimates of genetic risks. There are still 
many gaps in our knowledge, particularly regarding 
the effect of low-level radiation on humans but a fair- 
ly coherent picture of the radiation threat is now 
emerging. Relatively little is known about the possi- 
ble impact of environmentally induced mutations by 
chemicals. 

There is much confusion within the scientific com- 
munity concerning the specific nature and extent of 
the chemical threat and the kinds of information 
and recommendations that scientists should provide 
[35, 110]. One reason is that the problem is indeed 
more complex than that of radiation-induced muta- 
tion. Another reason may be that the scientific com- 
munity rewards success in research within a relative- 
ly narrow field, carried out with technically difficult 
methods. This requires ingenuity in recognizing and 
precisely formulating problems that by necessity are 
limited in scope and can be solved by suitable meth- 
ods. Such an approach does not usually require ex- 
perience in many different areas of science. Within 
the natural sciences the barriers between specialties 
tend to impede free exchange of the information 



available at different levels. Hence, scientists who are 
considered capable of providing expert advice on the 
basis of their prominence within a given field fre- 
quently may not have a balanced view of a complex 
problem. They tend to see problems mainly from the 
viewpoint of their own specialty. 

The traditional channels of scientific communication 
- scientific societies, congresses, journals - have so 
far failed to overcome these difficulties in the field of 
environmental mutagenesis. International organiza- 
tions such as WHO have not worked as efficiently in 
the fields of chemically induced mutation as in the 
field of radiation. Perhaps the solution will lie in 
new institutions organizing scientific efforts at all re- 
levant levels. Unfortunately, such institutions have so 
far been successful in mobilizing broad-scale scienti- 
fic endeavors only under two conditions: (a) when 
the goal was clearly defined and purely technological, 
and (b) when this was supported by a strong and im- 
mediate political motivation. 

Examples that readily come to mind include the Man- 
hattan Project in World War II, which led to the de- 
velopment of the atomic bomb, and the American 
and Russian projects to explore outer space. 

Below we give our view of the problems. This view 
may help others to appreciate the complexity of the 
matter and to participate in the definition of goals. 



11.1 Radiatian-lnduced Mutation 

11.1.1 Basic Facts and the Problems Posed by Them 

(See also [73-76, 97]) 

Capacity of Energy-Rich Radiation to Induce Muta- 
tion. That energy-rich radiation can induce muta- 
tions had been suspected but was first proven by 
Muller (1927) [54] in Drosophila melanogaster and by 
Stadler (1927-28) in barley after Mavor (1924) [49] 
had shown before the induction of nondisjunction. 
A condition for Muller’s discovery was the ingenious 
use of Drosophila mutants in developing test systems 
for counting mutations, especially X-linked lethals. 
Results of Muller’s classic experiment are presented 



458 Mutation: Induction by Ionizing Radiation and Chemicals 



seen in Table ii.i. Here, dose t^ is twice as high as 
dose t^. Doubling the radiation dose approximately 
doubled the number of induced mutations. The scope 
of this experiment was too small, however, to detect 
spontaneous mutations among the controls. 

Within the following two decades, classical radiation 
genetics developed. Its basic concepts were set out in 
the books of Lea and Catcheside (1942) [42], Timo- 
feeff-Ressovsky and Zimmer (1947) [90], and Hol- 
laender (1954-1956) [34]. 

Some Technical Remarks on Radiation. Two types of energy- 
rich radiation must be considered: electromagnetic waves 
and corpuscular radiation. The biological activity of electro- 
magnetic waves in relation to their wavelength and energy 
is seen in Fig. 11.1. For a mutagenic effect the energy should 
be sufficient to lift an electron from an inner to an outer 
shell, rendering the atom unstable and more prone to chemi- 
cal reactions. UV radiation has this property and is therefore 
mutagenic, provided it reaches the DNA. Its best-known che- 
mical reaction is the linking of two adjacent thymine mole- 
cules. This prevents them from pairing with adenine. There- 



Table 11.1. Muller’s classic experiment confirming mutation 
induction by X-rays (from Muller 1927 [54]) 
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fore UV photons cause point mutation but few structural de- 
fects. For human germ cells, UV radiation is not dangerous, 
being absorbed in the epidermis. There, however, it may in- 
duce somatic mutation - and cancer - of the skin 
(Chap. 10). Radiation photons of higher energy (X-rays, y- 
rays) are able to push electrons out of the external shell so 
that the atom becomes a positive ion. These electrons may 
now react with other atoms, converting them into negatively 
charged ions. Both types of ions - together with free radicals 
- form the material for secondary chemical reactions. Cor- 
puscular radiation consists not of energy photons but of par- 
ticles. These may be charged, as are electrons and protons, or 
uncharged, as neutrons. Their physical effects depend on 
their kinetic energy. Ionization induced by neutrons is 
densely concentrated around the track of the particle, 
whereas electromagnetic waves (X and y radiation) produce 
looser ionizations. 

The biological effects of all types of radiation depend on the 
location of the source (inside or outside the body), type of 
radiation (electromagnetic waves, charged or uncharged par- 
ticles), their energy, and the properties (density, water con- 
tent, etc.) of the absorbing material. 

Irradiation of any kind has not only direct but also indirect 
effects. Energy-rich neutrons, for example, may either be ac- 
cepted into the atom’s nuclei or transfer their kinetic energy 
to, say, hydrogen nuclei (protons). These protons are acceler- 
ated and undergo many secondary reactions with other 
molecules. 

The radiation energy dose is usually measured in grays (Gy): 
1 Gy is equal to the energy dose produced when 1 J energy is 
transmitted by ionizing radiation to matter of 1 kg mass un- 
der constant and defined conditions. This corresponds to 
100 rad (old nomenclature), and, as a rule, to 100 roentgen 
(R), but the latter is defined with reference to the number of 
ionizations. Another important measure is the equivalent 
dose that measures the (negative) biological effect of a cer- 
tain radiation dose. This is calculated by multiplying the en- 
ergy dose by a factor that varies from one type of radiation 
to the other, depending mainly on the energy discharge; it is 
higher, for example, with densely than with loosely ionizing 



Energy Wave length (in X ) 


< 1 eV 


Ultra short wcwe, infrared 
X - 10'“^ cm 


- 1 -4 eV 


i 


Visible tight^ ultra-violet (UV) 
X-10'^cm 


> 32 eV 




>3 MeV 


Ultra- hard rays 


> 30 KeV 


mi c - ^ 
rodiatior 

* X < 1 0 ^ cm 


Heat Photo - ionization Atomic Splitting 

chemical of atomic 

reaction nuclei 



Fig. 11.1. Biological activity of electro- 
magnetic waves in relation to their 
wavelength and energy 
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radiation. It is measured in J/kg. An old measure is the rem 
(1 rem = 0.01 J/kg). 

The new measure is sievert (1 Sv = 100 rem). We often cite 
data from the older literature; we use here the new nomencla- 
ture: 1 Gy = 1000 mGy = 100 rad = 100 R. This may not al- 
ways satisfy the needs of radiation physicists, but for the pur- 
poses of this book it should suffice. 

Results and Concepts of Classic Radiation Genetics 
[34, 42, 90]. The most important results and concepts 
of classic radiation genetics may be summarized as 
follows: 

a) To induce mutations in a certain cell the radiation 
must reach this cell, for example, a germ cell. The 
truth of this statement is not quite as self-evident 
as it may seem. Indirect influences, for example, 
by induction of a chemical compound that 
reaches the gonads via the circulation, are not im- 
possible a priori; a limited amount of indirect ac- 
tion has indeed been demonstrated. Nevertheless, 
the statement is a good approximation for practi- 
cal purposes. This principle is important for hu- 
mans because the high absorption rate of some 
types of radiation (UV, or very low energy X- 
rays) prevents them from being dangerous to the 
germ cells. Nevertheless they may still be danger- 
ous to the individual by inducing somatic muta- 
tions and cancer. 

b) Radiation does not create any new biological phe- 
nomena; it only enhances the probabilities of var- 
ious mutations and cellular events which occur 
spontaneously from time to time. Phenotypic ef- 
fects of radiation-induced mutations do not differ 
basically from spontaneous mutations. This rule 
has also been confirmed for chemically induced 
mutations. However, not all types of spontaneous 
mutation are increased in the same proportion by 
all mutagenic agents. On the contrary, there are 
definite differences in the relative frequencies of 
the various types of both spontaneous and radia- 
tion-induced and chemically induced mutations. 
The fact that any type of inducible mutation may 
also occur spontaneously creates a difficult statis- 
tical problem in trying to prove that an increase 
of the mutation rate in a human population is 
caused by exposure to mutagenic agents. This 
may be explained by an example from human ter- 
atology: thalidomide, which was introduced as a 
sleep-inducing drug, turned out to be teratogenic 
when taken during early pregnancy. The pattern 
of malformations induced by the drug was strik- 
ingly characteristic, and the combination of short 
and malformed limbs (phocomelia) with the fre- 
quent occurrence of ear, eye, and internal malfor- 
mations was unique. It was this specificity that 
first led physicians to realize that something new 



must have happened and then to look systemati- 
cally for possible teratogenic agents. However, 
had the drug caused the same number of cases of 
cleft lip and palate or neural tube defects as it 
had of phocomelia, it very probably would still 
be regarded as a useful hypnotic and anti-emetic 
agent with excellent indications for use in preg- 
nancy. 

These considerations suggest that any mutagenic 
agent inadvertently introduced into our environ- 
ment and causing the same amount of damage as 
thalidomide would very probably be overlooked, 

c) A third problem that has frequently been discus- 
sed is the dose factor in the mutation rate. For 
mutation requiring only one primary event, the 
dose-effect curve has been shown to be simply 
linear: 

M=\i-\-kD 

(M = number of mutations; \i = spontaneous 
mutation rate; D = dose; k = mutation rate/dose 
unit). This linear dose effect holds true as long as 
only a moderate proportion of all irradiated cells 
include an induced mutation. For higher mutation 
rates there is a saturation effect which leads to a 
flattening of the curve. Here an exponential equa- 
tion would describe the curve more properly. An 
example for Drosophila melanogaster is shown in 
Fig. 11.2. The radiation doses used are relatively 
high; for lower doses the evidence is not very con- 
clusive, as the fitting of a dose-effect curve to data 
requires very large sample sizes. 

These results have been interpreted by the target 
theory. Every mutational even is produced by one 




Radiation dose (kilo roentgen) 



Fig. 11.2. Linear increase of the mutation rate for point muta- 
tions and single chromosome breaks in Drosophila melano- 
gaster. Note linearity of effect. Data from various authors. 
(From Timofeeff-Ressovsky and Zimmer 1947 [90]) 
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hit in a susceptible structure, and the probability 
of this structure being struck increases linearly 
with increasing dosage. The saturation effect with 
very high doses (higher than those used in the ex- 
periments depicted in Fig. 11.2) is due to the same 
structure being struck more than once. 

d) The theory predicts a nonlinear dose-effect rela- 
tion for mutations needing more than one pri- 
mary event. Many translocations require two 
breaks within a reasonably short distance and at 
approximately the same time for the chromo- 
somes to rejoin after they are broken. However, 
the two breaks need not be produced by two sepa- 
rate hits. They may also be induced by one parti- 
cle or photon, especially if the density of ioniza- 
tions is very high, for example, when neutrons 
are used. In this case a dose-effect curve could be 
expected which combines a linear (one-hit) and a 
quadratic (two-hit) component: 

M = |i + k, D + k, 

Such dose-effect curves have indeed been ob- 
served in many experiments. Figure 11.3 shows an 
example for Drosophila melanogaster. 

e) For single-hit events the theory makes still an- 
other prediction of great practical importance. 
Obviously the number of hits depends on the 
dose rather than on the time within which the 
dose is applied. It should therefore be unimpor- 
tant whether the same dose is given within a very 
short time (high “dose rate”) or extended over a 
much longer time (low “dose rate”). The first Dro- 



sophila experiments seemed to confirm this pre- 
diction. More recent results from mice [71], how- 
ever, have shown that in many cases a certain 
dose applied at a lower dose rate leads to a lower 
number of mutations than the same dose applied 
at a higher dose rate. 

Confirmation and Extension of These Results. A great 
number of studies have helped to confirm and par- 
tially modify these results. The developmental stage 
of the irradiated germ cell has been taken into ac- 
count; various - for example, biochemical - pheno- 
types have been utilized, and radiation-induced mu- 
tations have been explained in terms of chemical re- 
actions. 

Influence of the Chemical Environment, Especially the 
O2 Content of Irradiated Tissue. A secondary conse- 
quence of irradiation is the formation of highly reac- 
tive radicals such as peroxides. Their formation re- 
quires oxygen. Therefore it is not surprising that a 
high oxygen content of irradiated tissue enhances 
mutation induction. This effect is strong, for exam- 
ple, with X-rays. It is almost or totally absent with 
densely ionizing radiation, such as a particles. 

Molecular Effects of Radiation [92]. Classical radia- 
tion genetics defined mutagenic effects at the pheno- 
typic level. However, morphological examination of 
chromosomes, especially in plants such as Tradescan- 
tia, was introduced at a relatively early stage, and it 
was shown that many of the mutational changes 




Fig. 11.3. Chromosome aberrations 
(two-break events) in relation to the 
radiation dose (in 10 Gy = 1 kilo 
roentgen). The two-hit curve (unin- 
terrupted line) fits the data better 
than the one-hit curve (dotted line). 
Data from various authors. The fig- 
ure gives experimental points and 
their standard deviations. (From Ti- 
mofeeff-Ressovsky and Zimmer 1947 
[90]) 
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Fig. 11.4. Dose-effect curve from acute in vitro irradiation of 
human lymphocytes. Dicentrics, ring chromosomes, minutes 
(fragments containing a centromere), and fragments. (From 
Bloom 1972 [12]) 
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Fig. 11.5. Fraction of metaphases with dicentric chromosomes 
( C^) and ring chromosomes (cj)) after in vitro irradiation with 
2 Gy X-rays. Decrease of the effect with increasing exposure 
time and decreasing dose rate ( = increasing exposure time). 
(Adapted from Brewen and Luippold 1971 [14]) 



could be explained by induction of morphologically 
visible chromosome breaks and their sequelae, such 
as translocations. 

For a long time it was not even known whether ioniz- 
ing radiation could induce point mutations in genes. 
Many investigators considered it plausible, but there 
remained the possibility that all radiation-induced 
mutations are basically small deletions or chromo- 
some rearrangements. Recently this matter was set- 
tled by using the qp X174 phage, which has only one 
DNA half- strand. Here reverse mutations were in- 
duced that could not be explained by any other me- 
chanism than a single point mutation. In bacteria, 
the induction of gene mutations, among them transi- 



tions, has been shown for the tryptophan locus of 
E. coli [92]. 

The first eukaryote in which radiation-induced gene 
mutations were found was Neurospora crassa [47]. Of 
the induced mutations 42% were transitions, 37% in- 
sertions or deletions of single base pairs, and the 
rest various origins, among them probably transver- 
sions. The occurrence of radiation-induced point mu- 
tations has been confirmed by direct DNA analysis in 
various mammalian systems [84]. 

Basic Facts of Radiation Genetics Reconfirmed in Hu- 
man Lymphocyte Chromosomes [11, 12]. Most of 
work in classical radiation genetics was carried out 
using organisms such as Drosophila which are only 
remotely related to humans. Irradiation experiments 
on chromosomes were carried out mainly on plants. 
Work on humans began soon after the method of 
chromosome preparations from lymphocytes became 
available (Sect.2.1.2.2). Dicentric chromosomes 
turned out to be an especially good indicator for 
chromosome breakage. Figure 11.4 shows the dose- 
effect curve. Its slope is more or less linear but has a 
tendency to become steeper with higher doses. Such 
dose-effect curves are produced if some of the pri- 
mary events are one-hit and others are two-hit 
events. Formation of a dicentric chromosome re- 
quires two chromosome breaks in closely adjacent 
chromosomes. If our theoretical notions are correct, 
these breaks may be caused either by a single hit or 
by two hits. Hence, the dose-effect curve found does 
not contradict these notions. Figure 11.4 also provides 
data for ring chromosomes, minutes, and frag- 
ments. 

Figure 11.5 shows a decrease in the number of dicen- 
tric and ring chromosomes with the same dose 
(2 Gy) but decreasing dose rate, i. e., radiation given 
over longer periods at lower rates. These data con- 
firm the dose-rate effect that have been established 
for other organisms, such as the mouse. These few 
data show that basic phenomena from radiation ge- 
netics also apply, in principle, to human chromo- 
somes. 

The human population is exposed to ionizing radia- 
tion from a number of sources. Geneticists are asked 
to advise the public on the extent of possible hazards. 
How can these questions be answered? 

11.1.2 Problem of Estimating 

the Genetic Risk Due to Radiation 
and Other Environmental Mutagens 

The problem of estimating the extent of risk to the 
human population and from all other mutagenic 
agents can be specified as follows: 
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a) In what way, if any, does the agent affect the genet- 
ic material? 

b) How extensively is the human population exposed 
to this agent? 

c) What is the probable increase in mutations com- 
pared to the “spontaneous” mutation rate? 

d) What are the long-term consequences of this in- 
crease for the population? 

These four questions should ideally be answered 
by the scientist. There is, however, a fifth question 
for which the scientist can only supply data. The 
answer should come from society as a whole. 

e) How high an increase in mutational damage are 
we prepared to accept in exchange for the benefits 
that present-day society enjoys from mutagenic 
agents - for example, diagnostic and therapeutic 
X-ray use, nuclear energy, certain drugs, and ame- 
nities of all kinds? 

Principles of Mutagenicity Testing. The question re- 
garding effects on the genetic material is very com- 
plex. It can be subdivided into a number of more spe- 
cific questions, such as: 

1. What kinds of mutations are induced: genome, 
chromosome, or gene mutations? 

2. Are they induced mainly in germ cells or in somat- 
ic cells? 

3. If they are induced in germ cells, 

a) What stage of germ cell development is primar- 
ily affected? 

b) Are the mutations transmitted to the next gen- 
eration, or are they eliminated, for example, 
during meiosis? 

c) If they are transmitted, what phenotypic chan- 
ges may be expected in offspring? 

4. If they are induced in somatic cells, 

a) What cells are especially endangered? 

b) What are the consequences for the individual? 

All these questions should be investigated by a com- 
prehensive mutagenicity testing program. Which or- 
ganisms should be tested in such a program? In the- 
ory the answer is obvious. We are interested in hu- 
mans; therefore the best approach would be to exam- 
ine these problems in humans. This, however, is not 
possible experimentally for ethical reasons. Only 
naturally occurring situations can be explored, and 
here the conditions are usually so complex that a 
clearcut answer cannot be expected. Therefore an ex- 
perimental animal must be found for many studies. 
This animal should fulfill four main conditions: 

1. It should be related closely enough to humans for 
meaningful extrapolation. The inevitable differen- 
ces between the experimental species and humans 
should be of such kind and order of magnitude 



that they can be accounted for either theoretically 
or experimentally when the comparison is made. 

2. The generational turnover should be rapid so that 
genetic experiments can be carried out within a 
reasonable time. 

3. It should be possible to keep test animals in suffi- 
ciently large numbers at a reasonable price. 

4. Sufficient knowledge about the genetics of the or- 
ganism should be available. 

The only animal that fulfills all these conditions is the 
mouse (Mus musculus). Therefore radiation genetics 
of mammals - and mutation genetics in general - is 
largely that of the mouse. Other species, such as 
rats, Chinese hamsters, and marmoset monkeys, 
have been used occasionally. Thus the following sec- 
tions are devoted mainly to the mutation genetics of 
the mouse, with inferences to be drawn for human 
beings. When available, data from humans or from 
other species are cited for comparison. 

In Vivo Test Systems for Mutagenic Agents in Germ 
Cells of the Mouse. The test systems available for this 
animal can be subdivided into in vivo and in vitro 
systems and into systems for examining germ cells 
and somatic cells. 

The available test systems for germ cell mutations are 
shown in Fig. 11.6. Assume that a mutation has been 
induced in spermatogonia. If this mutation is a chro- 
mosome mutation, it can be initially identified in mi- 
totic spermatogonial divisions. During the first and 
second meiotic divisions the influence of meiosis on 
induced aberrations may be observed. The next mito- 
tic divisions occur during early embryonic develop- 
ment of the Fj generation. At this stage it is possible 
to flush zygotes out of the fallopian tube and to exam- 
ine their chromosomes. 

When the oocytes are prepared from the ovary, the 
first meiotic divisions in the female germ cell can be 
observed. Depending on the time lapse between co- 
pulation and killing of the animal, the stage of oocyte 
and early zygote can be examined. Cleavage stages 
may even be grown for a number of additional divi- 
sions in culture. 

Implantation of the zygote in the uterus occurs on the 
9th day of pregnancy; the zygote is then in the blasto- 
cyst stage. Examination of implanted embryos is pos- 
sible a few days thereafter. The so-called deciduomata 
indicate implantation sites of embryos that died a 
short time after implantation. Also visible are some 
embryos that died at a later stage, as well as healthy 
embryos. Deciduomata, together with embryos that 
died later, represent postimplantation zygote loss. 
The preimplantation loss may be inferred from the 
difference between the number of corpora lutea in 
the ovaries and the total number of implantations. 
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Fig. 11.6. In vivo test systems for examining the effects of a mutagenic agent in the mouse. (For details, see text) 



Preimplantation and postimplantation zygote loss, 
unless shown to be due to nongenetic factors, is 
usually attributed to “dominant lethals.” Despite 
more modern developments the dominant lethal 
method remains one of the standard methods for 
mutagenicity testing [67]. The surviving animals can 
be examined for chromosomal anomalies during late 
pregnancy. 

Up to this stage of late pregnancy all methods are 
cytogenetic. Chromosome and genome mutations in- 
duced in early germ cell stages can now be followed 
through all stages of development to the newborn 
animal. There is no difficulty in examining mitotic 
chromosomes after birth in somatic tissue or even 
in following them up into the germ cells of the F, gen- 
eration. 

Examination of point mutations in the mouse must await 
birth. Methods for a group of dominant and a group of reces- 
sive mutations then become available. The dominant muta- 
tions ascertained are mainly those affecting the skeleton 
(Sect.6.1.2.5). [74]. 

Multiple Recessive Mutation Method. The method for 
assessing recessive mutations was one of the first to 
be developed in mouse radiation genetics. It permits 
detection of mutations at a small number of loci 
with great precision. Many of the basic results in this 
field have been achieved using this method. Wild- 
type animals, for example, males, are irradiated and 
mated with a test stock are homozygous for seven au- 
tosomal-recessive mutations. When no mutations are 
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Fig. 11.7. Principle of the multiple recessive mutation method. 
A wild-type male (upper left) is irradiated and mated with a 
female of the test stock (upper right). If no mutation is in- 
duced, the offspring will be heterozygous for the test loci 
and therefore phenotypically wild-type (lower-left). If a mu- 
tation at one of the seven loci is induced in one of the 
sperms, one animal in the offspring will be homozygous for 
this gene and show the mutant phenotype 



induced, the Fj animals are all heterozygous and 
show the wild-type phenotype (Fig. 11.7). However, if 
one of the seven mutations has been induced in the 
paternal germ cell, the F^ animal becomes homozy- 
gous for only this mutation and shows the phenotype. 
The mutations in the test stock are selected in such a 
way that each homozygote can easily be visually iden- 
tified. Figure 11.8 for example, shows a homozygote 
for one of these genes (piebald spotting). 




464 Mutation: Induction by Ionizing Radiation and Chemicals 




Fig. 11.8, Mouse with the phenotype of 
one of the seven test loci (piebald spot- 
ting) together with the wild-type father, 
the test stock mother (white), and the 
heterozygous wild-type sibs. (Courtesy 
of Dr. U. Ehling) 



Both methods used for the screening of gene muta- 
tions - the skeleton method and the multiple loci 
method - permit analysis at the qualitative phenoty- 
pic level (Sect. 6.1) of gene action. Hence, the results, 
important as they are for a quantitative assessment 
of genetic effects in the mammalian organism, are 
not satisfactory for analyzing the mechanisms of mu- 
tation induction. In addition, they provide informa- 
tion only for a limited number of gene loci. However, 
results of this work suggested that the induced muta- 
tion rates of various genes may differ considerably. 
When the methods of protein analysis by electro- 
phoresis became available, a number of attempts 
were made to introduce such techniques into muta- 
genicity testing. For example, a “biochemical speci- 
fic-locus test” has been developed which includes, 
among other markers, products of the mouse hemo- 
globin loci; the electric charge of proteins and en- 
zyme activities [24, 74]. The histocompatibility (H) 
alleles which are homologous to the human HLA 
system (Sect. 5.2.5) are also being used [74]. Theore- 
tically this approach is impeccable. Induced muta- 
tions can be identified at the molecular level, and 
electrophoretic systems are now available for a great 
number of loci (Sect. 12.1). The practical difficulty is 
simply the large number of examinations needed. 
Inexact as our estimates of nucleotide mutation 
rates may be, they show an order of magnitude be- 
tween 10"* and 10'^ per nucleotide or amino acid re- 
placement (Sect. 9.4.1). Even if the spontaneous mu- 
tation rate per gene for electrophoretically detect- 
able mutations were only about lo'^-io"^, such a 
rate would require a huge amount of testing to dis- 
cover very few mutants. This problem is critical in 
devising ways of screening human populations for 
mutation rate increases. Is there any way to over- 



come this difficulty in animal experimentation - 
apart from setting up huge and expensive testing fa- 
cilities? 

A promising technique is the two-dimensional assay 
with electrofocusing in one direction and electro- 
phoresis in the other (discussed in Sect. 12.1) [36]. A 
highly constant pattern of several hundreds of spots 
can be obtained from protein extracts of inbred 
mice. Point mutation may lead to the shifting of one 
“spot,” which can easily be recognized (Fig. 11.9). 

Test Systems for Somatic Mutations. The simplest test 
system for somatic mutations is chromosome exami- 
nation in lymphocyte cultures or in bone marrow. 
The lymphocyte system has frequently been used 
with humans. It is in fact the only one that permits 
examining high-risk groups of humans with a mini- 
mum of distress for genetic effects of exposure to mu- 
tagenic agents. 

A still simpler test system examines chromosomes ir- 
radiated in vitro. In most cases human lymphocyte 
cultures have been used. With this system it was 
shown that the general rules of mutation induction 
as worked out in experimental genetics also apply to 
human chromosomes. Assays for examining point 
mutations in single cells in vitro have been developed 
for some biochemical markers (Chap. 9), and the 
same methods are being utilized for mutagenicity 
testing. In theoretical terms this approach is elegant. 
Its resolving power is several orders of magnitude 
higher than that of in vivo methods for detecting 
gene mutation since the experimental unit is not the 
individual but the single cell. Moreover, mutants can 
be cloned and subjected to further biochemical and 
molecular investigation. In practice, however, the 
method still meets with difficulties. 
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Fig. 11.9 A, B. Two-dimensional, electrophoretic separation of 
soluble proteins from fetal mouse liver; part of a protein pat- 
tern. The protein sample is taken from the supernatant after 
homogenization and centrifugation of single livers. Separa- 
tion of proteins is performed on polyacrylamide by isoelec- 
tric focusing (lEF) in one dimension and by electrophoresis 
(PAGE) in the second. A Part of protein pattern of fetal liver 
after treating the sire with a mutagen (methylnitrosourea). 
Arrow, a new protein spot. B Normal protein pattern of a fetal 
liver from the same inbred mouse strain. (Courtesy of Dr. 
J. Klose, Berlin) 



Methods from Molecular Genetics, In the long run, all 
the methods discussed use some change in phenoty- 
pic characteristics - either of entire individuals or of 
single cells - as endpoints and may be replaced by di- 
rect assessment of changes at DNA level. Various ap- 
proaches have been suggested, from comparison of 
the entire genome between parents and offspring by 
“subtractive hybridization” to DNA sequencing [48, 
53]. So far all of these methods, despite their concep- 
tual advances, have remained without practical sig- 
nificance. Nonradioactive in situ hybridization 
(FISH; Sect3.i.3.3) allows detection of very small dele- 
tions and may offer good prospects for practical ap- 
plication in the near future [19]. 



11.1.3 Results of Radiation Mutagenicity 
Testing in Mammals [ 95 ] 

General Effects of Radiation on Mammalian Germ Cells. The 
development of germ cells in both human sexes has been de- 
scribed in Chap. 9. This is similar in principle in all mam- 
mals; minor differences between species are important for 
planning of mutation experiments but are not covered here. 
In the mouse the following general effects of radiation on 
germ cell development have been observed. 

Acute irradiation of the male germ cells with 2-4 Gy kills 
most spermatogonia, whereas more mature germ cells (sper- 
matocytes and all postmeiotic cell stages) survive. There is 
therefore little impairment of fertility during the first 6 weeks 
following irradiation. During this period all germ cells that 
had already entered the spermatocyte stage become mature 
sperms. A sterile period of 2-3 months follows, depending 
on the radiation dose. After this time fertility is resumed. 
Meanwhile, the testicular tubules become repopulated, start- 
ing from a very small population of A spermatogonia. 

Female animals, after a short lag phase, become permanently 
sterile even with low doses. When irradiated with 0.5 Gy X- 
rays, female mice have three to four litters before they be- 
come sterile due to the destruction of oocytes. As oocytes ap- 
proach ovulation, they become more resistant, and shortly 
before ovulation their death rate does not differ from that of 
controls. The high degree of sensitivity of oocytes makes mu- 
tation experiments difficult. These differences between the 
sexes and between the stages of germ cell development re- 
garding radiation sensitivity must be kept in mind when con- 
sidering the results of mutagenicity experiments. 

Chromosome Mutations in Male and Female Germ 
Cells of Mice [28]. Spermatogonial mitoses show a 
high frequency of chromosome aberrations (breaks, 
reunions, dicentric chromosomes) after acute irradia- 
tion. Such aberrations can be detected when the first 
meiotic divisions are examined. 

Experimental data from human males are available. 
The use of human beings for such experiments ap- 
pears highly questionable. Although the investigators 
stated that they used prisoner volunteers only under 
conditions where these men would have no further 
children [15], such assurances are difficult to adhere 
to and there is the further possible risk of carcino- 
genicity. 

Testis biopsy material was obtained from nine human 
volunteers who had received testicular irradiation 
with high-dose X-rays (0.78, 2, or 6 Gy). The interval 
between irradiation and sampling varied, depending 
on the dose. For comparison, adult male individuals 
of various other animal species were irradiated with 
similar doses and under comparable conditions (Ta- 
ble 11.2). The doses used in these studies ranged be- 
tween 1 and 6 Gy. The increase in yield of reciprocal 
translocation with increasing radiation dose varied 
in different mammalian species but was very high in 
humans. In various studies in mice and rabbits the 
effect was about half that found in humans; guinea 
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Table 11.2. Comparison of the slope (| 3 ) of linear regression 
for various species of mammals for the induction of recipro- 
cal translocations in spermatogonia (data from various 
authors [95] ) 

Animal 10 ± S.D. 10 '^ 



Rhesus monkey 
Mouse (various strains) 



Rabbit 
Guinea pig 
Marmoset 
Man 



0.86 ± 0.04 
between 

1.29 ±0.02 
and 2.90 ± 0.34 
L481 0.13 
0.91 ±0.18 
7.44 ± 0.95 
3.40 ± 0J2 



The linear regression coefficients (( 3 ) were estimated for all 
species using the data given by the authors on doses giving 
the peak yield of translocations. 



pigs and rhesus monkeys showed still lower values. 
No Robertsonian translocations seem to have been 
induced by ionizing radiation [29]. 

Reciprocal translocations can also be induced by irra- 
tion of female mice; in this case the details of the out- 
come vary depending on the experimental conditions 
(e.g., time interval between irradiation and ovula- 
tion). 

Direct Evidence of the Outcome of Induced Chromo- 
some Aberrations. There is strong selection against 
germ cells and zygotes containing chromosome aber- 
rations. After irradiation of female mice with fairly 
high doses, for example, very few translocations 
were found among offspring. After irradiation 
with as much as 3 Gy, a total of eight translocations 
were recovered among 1735 progeny (female and 
male), about half as many as after irradiation of 
males [95]. This phenomenon has been examined in 
detail through various stages of embryonic develop- 
ment by direct examination of chromosomes in early 
embryonic stages after treatment by irradiation of fe- 
male mice [65]. The decrease in the number of zy- 
gotes with chromosomal aberrations after treatment 
of oocytes during the preovulatory phase was exam- 
ined through four stages: the second meiotic division, 
blastocysts, death during embryonic age as evidenced 
by the dominant lethal test, and proportion of chro- 
mosomal aberrations among living embryos in the 
late embryonic age. About 88% of all meiotic (II) cells 
showed induced numerical or structural chromosome 
aberrations. By late embryonic age all cells in which a 
chromosomal aberration had been identified were 
eliminated, and the number of embryos carrying an 
aberration was not higher than in the controls. In 
1977 the UNSCEAR report had estimated that ap- 
proximately 6% of all fetuses with induced chromo- 



some aberrations survive until birth. The above study 
showed that this was a very cautious estimate; the 
proportion of survivors is probably lower. As noted, 
the great majority of spontaneous chromosomal 
aberrations in humans are also eliminated before 
birth (Sect. 2.2.4). It therefore is reasonable to believe 
that this occurs in the great majority of induced aber- 
rations. 

Radiation-Induced Genome and Chromosome Muta- 
tions: Sensitivity of Certain Cell Stages. X-linked 
genetic markers make it possible in the mouse to dis- 
tinguish XO from XX animals and to ascertain whe- 
ther the X chromosome in XO individuals is of pater- 
nal or maternal origin. With this method it has been 
found that XO individuals occur spontaneously at a 
frequency of o.i%-i.7%, depending on the mouse 
strain examined. The single X chromosome is usually 
maternal. The paternal chromosome apparently is 
lost between impregnation and the first cleavage divi- 
sion [69, 72, 101]. 

During this relatively long period - about 4.5 h - the 
paternal and maternal genomes do not become fused 
(Sect. 2.1.2.4) but rather form “pronuclei.” It is at this 
time that the paternal X is at risk of being lost. This 
risk may be enhanced by radiation, especially if the 
animal is irradiated between impregnation and the 
first cleavage division, i. e., during the pronucleus 
phase. Radiation at this phase yields exclusively XO 
animals and no XXY types. This implicates X chro- 
mosome loss and not nondisjunction as the cause of 
the chromosome defect. 

Nondisjunction seems to be enhanced by irradiation 
of male spermatocytes, mainly in the preleptotene 
stage, as evidenced by metaphase II examinations. 
Loss of the X chromosome a short time after impreg- 
nation - and during the first cleavage divisions - is 
also frequent in humans. In fact this seems to be the 
most frequent cause of the formation of XO zygotes. 
Moreover, the X chromosome that is lost is generally 
the paternal, as shown by marker studies (Sect. 9.2). 
Thus the similarity to spontaneous X chromosome 
loss in the mouse is close. It is therefore safe to con- 
clude that human preovulatory oocytes and very ear- 
ly zygotes may also be susceptible to chromosome 
loss and possibly to induction of nondisjunction and 
structural chromosome damage [30]. 

Radiation-Induced Gene Mutation in the Male Germ 
Line. Methods for chromosome examinations were 
not available to mammalian radiation genetics in its 
most fertile period during the 1950s. Therefore em- 
phasis was principally on the induction of gene muta- 
tions. The most extensively used method was the 
multiple loci test for visible recessive mutations. The 
number of animals tested reaches the millions. As ex- 
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pected, the data show a marked increase in the num- 
ber of mutations compared with the spontaneous mu- 
tation rate in both sexes. The mutation rate was esti- 
mated to be about 30 x io“^/cGy per locus in the 
male and around 18.5 x io“^/cGy per locus in the fe- 
male. This induced mutation rate differs widely de- 
pending on treatment conditions. What are these 
conditions? 

Dose-Rate Effect In contrast to the Drosophila data 
discussed above, a dose administered at one time (a 
high dose rate) has a much stronger effect than the 
same dose distributed over a longer time (a low 
dose rate) [71]. Figure 11.10 shows the dose-effect 
curves for a series of experiments on male mice with 
high and low dose rates. The dose-rate effect is seen 
by comparing the upper two curves (acute X-ray ra- 
diation) with the lower two, which show the effect of 
chronic y irradiation with extremely low dose rates. 
Despite the huge number of examined animals the 
90% confidence intervals for all mutation frequencies 
were rather high. A dose applied at a high dose rate 
induced about three times as many mutations as the 
same dose at a low rate. 

Such a dose rate effect was also shown in female germ 
cells; it is caused by repair processes that are more 
efficient when the damage is spread over a longer 
period. The lessened effect for single irradiation 
with 10 Gy is due to prior elimination of severely 
damaged cells. Such paradoxic dose-effect curves are 
not rare in mutation genetics; a mutagenic agent 
may damage a cell at two levels. It may impair it in 
a way that prevents it from further division, or it 
may leave the cell intact, damaging only the genetic 
material. In analyzing mutagenic activity at the phe- 
notypic level we consider only damage to the genetic 
material, tacitly assuming that the viability of the 
cell is not affected. If a relatively low dose affects 
mainly DNA while a higher dose also damages cell 
viability, a paradoxic dose-effect curve may result. 
Another factor that influences the mutation rate is 
the developmental stage of the germ cells at which ir- 
radiation occurs. In female mice, for example, irra- 
diation administered more than 7 weeks before mat- 
ing does not cause any increase in mutation rate. In 
males the irradiation of more mature cells (spermato- 
cytes) leads to a higher mutation rate. 

Ionizing radiation induces mainly structural chromo- 
some damage and only relatively few point mutations 
[70, 74]. More thorough examination of many in- 
duced mutations at the seven loci of the mouse has 
shown that structural aberrations are also the most 
frequent cause of these mutations. Most of these 
were small deletions. 

In addition to recessive mutations, dominant muta- 
tions - especially those affecting the skeleton or caus- 




( rod ) 



Fig. 11.10. Dose-effect curves and dose-rate effect after irra- 
diation of male mice in the poststerile phase (irradiation of 
spermatogonia). Number of observed mutants per 100000 
gene loci tested in the single locus test. For all experimental 
points the 90% confidence intervals are included. Irradia- 
tion with one acute dose. The three different points for 
1000 rad (= 10 Gy) indicate one acute dose (lowest point) 

and two experiments with fractionated application. A A, 

Two doses with an interval of 24 h; ■ ■ , chronic y irra- 

diation (0.9 mGy/min); □ ••••□, chronic y irradiation 
(0.1 mGy/min). (Adapted from Russell et al. 1972 [72]) 



ing cataracts of the lenses - have also been studied 
[95, 100]. The extremely variable expressivity and 
markedly incomplete penetrance of such mutants is 
discussed in Sect. 6.1.25. 

Doubling Dose. Discussion of genetic radiation haz- 
ards for humans frequently consider the so-called 
doubling dose [46]. The concept of a doubled muta- 
tion rate is entirely arbitrary and was selected as a 
convenient reference to find a dose of radiation 
which, if delivered to a human population, would 
double the natural mutation rate. It is obvious from 
the foregoing discussion that there cannot be a single 



468 Mutation: Induction by Ionizing Radiation and Chemicals 



doubling dose. The doubling dose must vary with the 
type of mutation, the germ cell stage at which irra- 
diation occurs, the specific kind of radiation, and 
the dose rate. The use of a single doubling dose for 
all types of exposure of humans is therefore meaning- 
less. Doubling doses for specific situations, such as 
an acute exposure doubling dose or a chronic expo- 
sure doubling dose for radiation, makes more sense. 
Older data from mouse experiments suggested dou- 
bling doses of about 0.18-0.52 Sv for acute and about 
1 Sv for chronic irradiation. Doubling doses in hu- 
mans were thought to be of the same order of magni- 
tude. Recent studies on children of atomic bomb sur- 
vivors in Hiroshima and Nagasaki have led Neel et al. 
[61] to suggest a doubling dose estimate in humans 
which is much higher (i. e. indicating a lower radia- 
tion effect). This led to a reassessment of the old esti- 
mates for the mouse, with the result that the com- 
bined evidence in the mouse may also point to a 
higher doubling dose [56] (see below). 

Population Experiments with Mice and Other Mam- 
mals. The experimental results discussed relate only 
to the first of the five questions of Sect. 11.2: in what 
way does radiation affect the genetic material? How- 
ever, some animal experiments were carried out 
with the fourth question in mind: what are the long- 
term consequences for the population of a mutation 
rate increase due to irradiation? 

Some experiments with long-term irradiation of ani- 
mal populations continued over many generations. 
The radiation doses were of the order of magnitude 
of several grays per generation; some were adminis- 
tered at high and others at low dose rates. The overall 
effects were surprisingly minor: litter size was usually 
reduced, the number of dead implantations (domi- 
nant lethals) was increased, and in some experiments 
there were more sterile animals. Progeny after irra- 
diation of many generations of ancestors in some 
cases even surpassed the nonirradiated controls in 
life span [101]. 

One experiment with rats [62] examined a behavioral charac- 
teristic - maze learning. Progeny of irradiated parents were 
on the average somewhat less “bright” than the controls. 

The outcome of these population experiments can be 
interpreted either optimistically or pessimistically. 
Optimists may conclude that even long-term irradia- 
tion with very high doses causes little genetic 
damage. Almost all induced mutations are eliminated 
during meiosis or lead to early zygote or embryonic 
death. Such effects, however, would not be very im- 
portant for health effects of living human popula- 
tions. Pessimists, on the other hand, may object to 
extrapolation from multiparous animals to humans. 



They may argue that embryonic and newborn deaths 
found in the animal experiments would turn up as a 
high stillborn rate and as early death of malformed 
children. 

Most of the long-term population studies in mice date 
from the late 1950s and early 1960s. Little if any work 
of this kind is continuing because its explanatory 
power for the human situation is thought to be low. 

One study was carried out in a rodent population exposed to 
a high level of natural irradiation in Kerala (Southern India). 
The average y irradiation was 16 mGy per year, 7.5 times 
higher than in a control area. There was no difference what- 
ever in skeletal abnormalities in comparison with animals 
from other non-exposed areas [31]. 

Conclusions from Mouse Radiation Genetics for Ge- 
netic Hazards to Humans. In Sect. 11.1.2 a number of 
questions were formulated, to which radiation genetic 
research in the mouse and other mammals may help 
provide answers. 

1. What kind of mutations are induced? Ionizing ra- 
diation seems to induce mainly chromosome muta- 
tions. There is good evidence that genome muta- 
tions, especially aneuploidies, are also induced. 
Many of the induced mutations affect only a single 
functional gene; some may be gene mutations in 
the strictest sense. All these findings can probably 
be extrapolated to humans. 

2. Are mutations induced mainly in germ cells or in 
somatic cells? There is good evidence that muta- 
tions are induced in all exposed cells - germ cells 
as well as somatic cells. It may be assumed that 
the findings mentioned under headings 1, and 2 
hold true for humans as well. 

3 a. What stage of germ cell development is primarily 
affected? In the male all germ cell stages may be af- 
fected, but meiosis acts as a potent filter, especially 
for chromosome aberrations. Postmeiotic stages up 
to and including the time of fertilization seem to be 
more endangered than premeiotic germ cells. Extra- 
polation to humans also seems reasonable. In the fe- 
male mouse, oocytes may be susceptible to mutation 
induction and to chromosome loss only when irra- 
diated within the last 7 weeks before ovulation. Oo- 
cytes during the dictyotene stage that lasts many 
years without cell divisions are resistant to mutation 
induction. This result from the multiple-locus ex- 
periments in mice has been largely confirmed by cy- 
togenetic evidence. An optimist would conclude that 
human oocytes would also be radiation resistant 
during most of their lifetime. A pessimist, on the 
other hand, would point to possible species-specific 
differences. We tend to hold the optimistic view. 
The oocyte from some days before ovulation until 
several hours after impregnation is especially sus- 
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ceptible to chromosome loss - especially loss of 
the X chromosomes - as well as to induction of 
structural aberrations and possibly meiotic non- 
disjunction. There is no reason why this should 
not be true for the human oocyte as well. Careful 
radiation protection during the weeks around con- 
ception is the obvious countermeasure. Are oogo- 
nia also sensitive to mutation induction by radia- 
tion? Mammalian oogonia are found only during 
the embryonic age; therefore pregnant dams must 
be irradiated and their daughters later mated. So 
far, however, there is only limited experimental 
evidence that points to induction of translocation 
at about half the rate of spermatogonia. 

3 b. Are mutations transmitted to the next generation 
or are they eliminated? Information is available 
mainly for chromosome aberrations. Here the 
meiotic division acts as a good filter. Many aber- 
rations, however, pass this filter, and others are 
induced during and after meiosis in the female. 
At least 90% of the induced aberrations are 
eliminated during embryonic development - 
more than half of them even before implantation 
in the uterus and most of the remaining a short 
time after implantation. A minority, 5% or fewer, 
survive, giving rise to offspring with transloca- 
tions or being aneuploid themselves. The high in- 
cidence of chromosome anomalies among sponta- 
neous abortions in humans (Sect. 2.2.4) makes it 
very likely that most induced chromosome aber- 
rations would be eliminated in the same way. 
More specifically, the experimental results suggest 
that in humans loss of zygotes before implantation 
may be at least as high as after implantation. A 
significant number of aberrations would survive, 
increasing the number of children with aneuploi- 
dies and balanced or nonbalanced chromosome 
aberrations. 

3 c. What phenotypic changes are to be expected in 
the offspring? Zygote loss before implantation in 
the uterus would probably go largely unnoticed, 
leading only to a short delay of menstruation. Zy- 
gote loss after implantation would show up mainly 
as spontaneous abortion, the distribution between 
early and late abortion possibly being similar to 
the distribution without radiation. Aneuploidies 
and unbalanced structural anomalies would lead 
to the well-known chromosomal syndromes. Bal- 
anced translocations would be phenotypically un- 
noticeable mostly in offspring of exposed parents 
but could lead to unbalanced zygotes in the follow- 
ing generations. 

Dominant gene mutations may lead to a certain in- 
crease in the well-known dominant phenotypes. 
The frequency of such traits in the human popula- 
tion is maintained by an equilibrium between mu- 



tation and selection (Sect. 9.3.1). However, experi- 
ence with skeletal mutants of the mouse suggests 
that other, and possibly much more frequent, 
dominant mutations may lead to less distinctive 
and more variable phenotypic changes, such as 
slight anomalies of the skeleton, connective tissue, 
or other organ systems. Here our extrapolations 
are bound to be much less certain than with visible 
chromosome anomalies. 

4. If mutations are induced in somatic cells, which 
cells are especially endangered, and what are the 
consequences for the individual? In principle, all 
types of somatic cells are at risk. However, it is 
safe to assume that the risk for cells that divide fre- 
quently is especially high. These cells may give rise 
to cell clones with selective advantages comparised 
to other cells of the same type - and in the end, to 
malignant neoplasias. Such neoplasias caused by 
irradiation have actually been demonstrated in 
human populations (see below). 

Altogether, radiation genetics of the mouse has pro- 
vided results that are useful for estimating the radia- 
tion risk to humans. They give us a fairly good idea 
about induction and transmission of genome and 
chromosome mutations. As to gene mutations, the 
evidence is not quite as good, but it is known in prin- 
ciple that such mutations may be induced as well as 
transmitted. 



11.1.4 Human Population Exposure 
to Ionizing Radiation 

How strongly and how widely is to day’s human 
population exposed to ionizing radiation? This is the 
second question that scientist needs to answer in es- 
timating the extent of potential radiation damage to 
humans, and it has been addressed frequently. Only 
a few aspects and a small selection of data are discus- 
sed here. First, the natural background radiation and 
then the increase due to modern civilization - includ- 
ing diagnostic medicine - are considered. 

Natural Background Radiation. All humans are ex- 
posed continuously to natural sources of irradiation. 
The average dose per year from cosmic radiation de- 
pends on the altitude above sea level and on the lati- 
tude. Terrestrial radiation is higher in areas with pri- 
mordial rock than in alluvial lands. The total mean 
irradiation received by the gonads of humans in low 
altitude areas over a 30-year period (one generation) 
has been estimated 3-4 rem (Table 11.3). More recent 
estimates put the figure higher; earlier reports did 
not sufficiently consider the additional radiation 
load due to radon in the air. 
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Table 11.3. Average radiation load of human populations^’^ (adapted from Barthelmess 1973 [10]) 



Sources 


Europe 




United States 






mrem/year 


rem/30 years 


rem/years 


rem/30 years 


Natural background radiation 


50 (=^ 30-120) 








Cosmic radiation 


60 








Mean terrestrial radiation 
Incorporation of radioactive elements 


20 










= 130 


-3.9 


^ 100 


- 3.06 


Additional radiation due to modern civilization 










Medical diagnostics and therapy 










1958 


20 


0.6 


73 


2.2 


1971 


50 


E5 






Occupational (without nuclear technology) 


< 1 


< 0.03 


0.S 


0.024 


Nuclear technology 


< I 


< 0.03 


0,003 


0.0001 


Fallout (atomic bomb testing) 


8 


0.24 






Minor sources (television; watches) 


<2 


< 0.06 


2 


0.06 


Air traffic 


< 1 


<0.03 


0.4 


0,120 


Sum total additional irradiation 


^60 


- 1.8 


- 80 


2.4 


Sum total natural background 


190 


5.7 


180 


5.4 


and additional irradiation 











These figures do not include radiation received by the general population from nuclear power plants. Under circumstances of 
normal operations exposure of the general population is minimal. Workers in the nuclear power industry receive exposure of 
0.006-0.008 rem/year. These data are relatively old; however, there have been no major changes in recent years except a reduc- 
tion to practically zero exposure in fallout from nuclear weapons testing, and a reduction of exposure to irradiation in medical 
practice. The problem of imput from various sources is discussed extensively in the 1988 UNSCEAR report [95]. 



Additional Irradiation Due to Modern Civilization. 
Some irradiation estimates for Europe and the United 
States are listed in Table 11.3. Medical diagnostics and 
therapy constitute the major source. Within the large 
group of X-ray diagnostic measures, examination of 
the abdomen and the pelvis are the chief sources of re- 
levant exposure. Improvement in X-ray technology 
and strict regulations for supervision have contributed 
substantially to minimizing this load. However, some 
X-ray diagnostic measures do increase the probability 
of mutations; any X-ray exposure should be clearly in- 
dicated and be carried out with maximum shielding. 
The benefit to the individual should be clear and must 
be weighed against the potential damage to him or 
her and to future generations. By far the greatest 
amounts of genetically relevant irradiation is delivered 
to cancer patients receiving radiation therapy of pelvic 
organs. Many such patients are of postreproductive 
age or die of their cancer within a relatively short 
time. However, if they do desire children, the results 
of radiation genetics research in mammals may help 
to minimize the genetic risk by advising them to avoid 
conception during and some weeks after therapy. 



Exposure due to nuclear power plants constitutes a 
special problem that is receiving substantial atten- 
tion in all industrialized countries. Depending on 
the type of reactor and on other conditions, the ac- 
tual irradiation varies and is said to be much lower 
than the allowed limit in most cases. This statement 
is true, however, only in the absence of irregular 
emissions due to technical failure, accidents or sabo- 
tage. The risk of such an incident occurring sooner 
or later cannot be estimated, but it had been thought 
to be very low - until the nuclear power plant acci- 
dent in Chernobyl on 26 April, 1986. In addition to 
killing a number of persons, this led to the radioac- 
tive contamination of a wide area. Many experts 
maintain that the energy needs of future decades 
cannot be met without nuclear power, and that the 
well-being, even the life, of future generations de- 
pends heavily on ensuring a sufficient energy supply. 
The geneticist can only hope that a major effort will 
be made to develop alternate technologies for clean 
energy. 

Of all the sources contributing to exposure, the med- 
ical sector is the only one adding more than a trivial 
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share to the whole load. Some of this is unavoidable. 
In many cases, however, the radiation load can be 
kept to a minimum. In activities where heavier expo- 
sure cannot be avoided, only persons who are past 
child-bearing age, or who for other reasons are un- 
likely to reproduce, should be employed. 

It is an open question whether we will have to face in- 
creased exposure to radiation in the future. On the 
one hand, there is the indisputable increase due to 
professional use of radiation and radioactive substan- 
ces and due to nuclear power plants. X-ray technolo- 
gy, on the other hand, is being so vastly improved, 
especially in medicine, that a certain decrease in ex- 
posure can be anticipated for age groups that may 
still have children. As Table 11.3 shows, the average 
exposure from all sources of modern civilization, ex- 
cluding nuclear power plants, has not quite reached 
the average natural background radiation. 

11.1.5 How Much of an Increase in the Spontaneous 
Mutation Rate Must Be Anticipated? 

How can the probable increase in spontaneous muta- 
tion rate be calculated? This is the third question to 
be answered in estimating the projected genetic dam- 
age due to radiation. We need information on three 
points: 

1. How much irradiation does the average individual 
receive? 

2. How many additional mutations per dose unit are 
induced? 

When these two questions are answered, we shall 
know how much the mutation rate increases rela- 
tive to the spontaneous rate. To turn this relative 
estimate into an absolute one, another question 
must be answered. 

3. How many mutations would occur “spontaneous- 
ly,” i. e., without additional irradiation due to mod- 
ern civilization? 

Answers the first two questions answers may be de- 
rived from Sects. 11.1.3 and 11.1.4, together with some 
additional, direct observations in human beings. The 
third question turns out to be the most difficult and 
will need special discussion. The data in Table 11.3, 
indicate that the average irradiation per individual 
within a generation of 30 years increases from 0.03- 

0.04 Gy (“natural” irradiation) to 0.07 Gy, i. e., that 
modern civilization approximately doubles the back- 
ground irradiation. Such a doubling must be careful- 
ly distinguished from the dose of irradiation which 
doubles the mutation rate. Such a dose is much high- 
er than 0.03 Gy. This answers the first question. The 
response to the second question is somewhat more 
complex and requires a more elaborate discussion. 



How Many Additional Mutations Per Dose Are In- 
duced? The various classes of mutations should be 
considered separately, and both dose rate and sex 
should be taken into account (Sect. 11.1.3). Most hu- 
mans are exposed to very low doses of chronic irra- 
diation administered at a very low dose rate; very 
few are exposed to high doses at very high dose 
rates. 

In the following we first discuss direct evidence avail- 
able for irradiated human populations. This evidence 
is then compared to data from experiments with mice 
and other mammals as discussed above. Wherever 
possible, quantitative estimates for various kinds of 
mutations relative to the spontaneous rate are then 
calculated. 

Phenotypic Characteristics in Irradiated Human Pop- 
ulations. Apart from ethically dubious experiments 
with human volunteers, genetic radiation effects can 
be assessed directly only when humans are exposed 
to radiation either for therapeutic purposes or by ac- 
cident. In therapy the dose calculations are usually 
fairly accurate, but the number of individuals is low, 
and these are selected for various diseases. Radiation 
is usually administered in a few very high doses dur- 
ing medical therapy or at a low dose rate during pro- 
fessional exposure. In the case of accidents, estimates 
of the dose may be inaccurate, but dose and dose rate 
are usually high. 

Survivors of Atomic Bombs in Hiroshima and Naga- 
saki [57]. Following the explosions of the atomic 
bombs over Hiroshima and Nagasaki genetic studies 
on the survivors were organized by American and 
Japanese scientists under the Atomic Bomb Casualty 
Commission (ABCC) as early as 1946 and have been 
continuing ever since, since 1975 under the auspices 
of the Radiation Effects Research Foundation 
(RERF). This was an early attempt to organize an on- 
going “big science” project in human genetics. 

1. Are there any differences between children con- 
ceived after the parents were exposed to the atomic 
bomb and children of unexposed parents? 

2. If there are differences, how are they to be account- 
ed for? 

Data collection was facilitated by the food-rationing 
system in postwar Japan, which provided additional 
food for pregnant women. When applying for extra 
rations, the women were given a questionnaire re- 
garding past pregnancies, exact location when the 
bomb was dropped, and any symptoms that might in- 
dicate radiation illness afterward. When the child was 
born, relevant data on delivery and health status of 
the newborn were added, and each child was exam- 
ined by a physician of the ABCC. About one-third 
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were reexamined 9 months later. In the following 
years the method of examination and follow-up was 
modified in various ways. The following parameters 
were considered: 

a) Sex ratio at birth 

b) Congenital malformations 

c) Stillbirths 

d) Body weight at birth 

e) Death within the first 9 months of life and death 
during childhood and youth 

f) Anthropometric measurements 

g) Autopsy results 

The critical reader might ask why the two most im- 
portant indicators of genetic damage - chromosome 
aberrations in somatic and germinal cells and domi- 
nant or X-linked recessive new mutations - were 
omitted. The answer is simple: The methods for chro- 
mosome examination in humans became available 
only 10-15 years later, and dominant or X-linked 
gene mutations are so rare that a sufficient number 
could not be expected in the examined population. 
Germ cell radiation exposure was estimated using 
parameters such as distance from the hypocenter, 
type of shelter, and signs of radiation sickness at the 
time of the bombing. An essential problem in asses- 
sing biological effects is calculating the quality and 
quantity of radiation emitted by the bombs and re- 
ceived by exposed individuals. These physical pro- 
blems were reevaluated only in 1989 [61]. Neel et al. 
presented an average conjoint gonad radiation dose 
(= radiation dose for both parents together) for all 
parents with increased exposure of 0.4-0.5 Sv. How- 
ever, the distribution was highly skewed: a small pro- 
portion received a much higher dose while the dose 
received by the majority was much lower. Children 
of unexposed parents in the same cities were taken 
as controls. Consanguinity of the parents and mater- 
nal age were considered to avoid biases due to these 
variables. 

Shift in Sex Ratio Due to X-Linked Lethals? The re- 
sults of these studies can be summarized very briefly. 
Regardless of the extent of irradiation exposure, no 
significant difference was found in the number of 
malformations, in stillbirth rate, or in any other of 
the examined parameters - with one possible excep- 
tion: the sex ratio. 

The first studies [80] showed a small sex ratio shift: 
reduction in the number of live-born males among 
the offspring of irradiated females ascribed to X- 
linked recessive lethals and reduction in the number 
of females in the offspring of radiation-exposed 
males because of X-linked dominant lethals. However, 
these findings were not confirmed later after an in- 
crease in sample size [82]. 



Support for the Sex Ratio Shift by Studies After Expo- 
sure to X-Rays. A similar sex ratio shift has been ob- 
served among children of parents exposed to X-ray 
therapy for treatment of ankylosing spondylitis, anal 
and vulval pruritus, and other conditions. Two stu- 
dies, one from France [43] and the other from the 
Netherlands [79], together comprised several hun- 
dred patients irradiated with high doses, sometimes 
several grays. The sex ratio among children con- 
ceived after irradiation deviated in the expected di- 
rection, and the deviations were significant. 
Therapeutic irradiation and irradiation by atomic 
bombs involve high doses and high dose rates. Pro- 
fessionally exposed individuals, on the other hand, 
usually receive relatively low doses at very low dose 
rates. Do these doses also cause a shift in sex ratio? 
A study of radiology technicians in Japan yielded an 
affirmative answer: not only was the sex ratio altered, 
but sterility appeared to be more frequent than in the 
general population [88]. 

Data from Hiroshima and Nagasaki on the sex ratio 
may be interpreted in one of three ways: (a) the sex 
ratio deviations found in the earlier analysis were for- 
tuitous, and the radiation doses received by the atom- 
ic bomb survivors did not induce enough X-linked le- 
thals to bring about a sex ratio shift; (b) the sex ratio 
is actually no indicator for X-linked mutations, the 
argument being too simplistic; or (c) the effect in 
the earlier series was real, but in the 10-15 years be- 
tween radiation exposure and the conception of chil- 
dren of the second series germ cells containing lethal 
mutations were eliminated. The results showing sex 
ratio shifts in medically irradiated individuals in 
Europe [43, 79] favor the latter explanation. 

The fact remains, however, that sex ratio is an unsa- 
tisfactory measure of genetic effects, being influenced 
by many other variables, such as age of parents and 
general living conditions. 

A Reassessment Using Additional Data and Methods. 
A cytogenetic investigation of the children of survi- 
vors began in 1968. Aberrations leading to severe mal- 
formations and early death could thus no longer be 
ascertained since the children had died in the mean- 
time. In the mid-1970s studies were also begun using 
electrophoretic techniques for qualitative and quanti- 
tative variation (rare variants) of blood proteins and 
enzymes. Both studies had negative results: the inci- 
dence for both endpoints were even somewhat (no 
significantly) lower in the irradiated than in the con- 
trol group (Table 11.4). In the study on electrophoretic 
variants the possibility of false paternity was exam- 
ined carefully in all instances in which a new mutation 
appeared to be possible. The observed mutation rate 
fits well with mutation rates of genes leading to auto- 
somal dominant or X-linked diseases (Table 11.5). 
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Table 11.4. Numerical gonosomal aberrations among children of exposed and unexposed parents 1991 (from Neel and Schull 

1991 [57]) 



Mo. with gonosomal aberrations 


No. of children Males 


Females 


Total 


rt % 


rt % 





Children of exposed parents 


8322 


12 


0.307% 


7 


0.159% 


19 


Children of nn exposed parents 


7976 


16 


0.435% 


8 


0.186% 


24 



Table 11.5. Protein variants in children of survivors of the atomic bombs (data from Neel et al. 1986 [60], Neel and Schull 1991 

[57]) 



Electrophoretically screened gene loci 




No. of loci screened 


New mutants 


Proximally exposed cohort 


667404 


3 


Distally (or not) exposed cohort 


466881 


3 


Mutation rates for electrophoretically detected protein mutation and mutations leading to reduction of enzyme activity 




Mutation rate per locus per generation 


95 % confidence interval 


Proximally exposed cohort 


6.0 X 10-* 


2-15X 10“‘ 


Distally (or not) exposed cohort 


6.4 X 10-» 


1-19 X 10* 



The data regarding stillbirth, congenital malforma- 
tions, and early death were reevaluated using an im- 
proved statistical procedure. None of these endpoints 
showed a statistically significant difference between 
irradiated and nonirradiated parents; therefore the 
evaluation strategy was changed. In the earlier stu- 
dies exposed individuals had been classified into 
subgroups according to their distance from the hy- 
po center at the moment of the detonation, and pre- 
sence or absence of signs of radiation sickness. The 
deviation from the null hypothesis (no genetic effect 
at all) was then tested. In the new studies each ex- 
posed individual was assigned an individual dose es- 
timate on the basis of recent information on the kind 
of radiation produced by the bombs, and taking ac- 
count of all available data, such as distance from the 
hypocenter, sheltering, etc. The authors no longer 
tested the null hypothesis. They argued that since it 
is known and generally accepted that ionizing radia- 
tion induces mutations in all species, any increase 
in effects that could reasonably be related to muta- 
tions, whether statistically significant or not, was 
probably caused by additional induced mutations. 
Hence, regressions of an increase of ill effects on ex- 
posure were calculated. These regressions, together 



with certain assumptions on the proportion of new 
mutations explaining the “spontaneous” occurrence 
of the events under study, were used to estimate dou- 
bling doses. Major congenital malformations, still- 
births and deaths during the first week of life were 
combined under the heading “untoward pregnancy 
outcome.” Regression analyses were carried out on 
prevalences of these events and individual radiation 
exposure of both parents, assuming a linear (one- 
hit) dose-effect relationship. More than 70000 preg- 
nancies were analyzed in this way. After controlling 
for confounding variables (e.g., parental consangui- 
nity) there was an increase of 0.00239 per 1 gonadal 
Sv [57]. This endpoint therefore showed a small, sta- 
tistically nonsignificant increase in children of irra- 
diated parents. However, the causes of stillbirth, mal- 
formations, and death in the first week of life are sel- 
dom genetic. Assessing the extent of increase due to 
radiation - for which the doubling dose (Sect. 11.1.3) 
is a convenient measure - therefore required as- 
sumptions about the proportion of “untoward preg- 
nancy outcome” with a genetic basis. These were cal- 
culated to be V2oo-V^oo [^3]* order to err rather on 
the conservative side, that is, to overestimate rather 
than underestimate the genetic radiation effects the 
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latter figure was selected. However, they included 
death up to the age of 19 in their assessment. From 
these data a doubling dose of 1.5-1.9 Sv was calcula- 
ted. 

This estimate is higher than that for various end- 
points in the mouse [46]. The doubling dose estimate 
conventionally used by UNSCEAR was 1 Sv. However, 
this - admittedly very crude - estimate referred to 
chronic radiation with small dose rates, whereas irra- 
diation by the atomic bombs was acute - with high 
dose rates. Therefore one would have expected a 
higher effect (= a doubling dose lower than 1 Sv) if 
the human doubling dose were about equal to that 
in the mouse. Therefore, Neel and Lewis [56] recon- 
sidered the doubling dose calculations in the litera- 
ture and the mouse data on which they were based. 
They arrived at a Figure of 1.35 Sv for acute and ap- 
proximately 4 Sv for chronic irradiation - in line 
with their estimates in humans. Discussions on these 
matters continue. It should be remembered, however, 
that the human estimate is based on very slender - 
and largely indirect - evidence. 

Another factor to assess germ line mutations was the 
search for childhood and adolescent tumors among 
children of atomic bomb survivors [104]. A rationale 
for the possibility of such an increase could be provi- 
ded by recent results on the existence of tumor sup- 
pressor genes, such as those found in retinoblastoma 
and other tumors (Sect. 10.4.3). However, no signifi- 
cant increase was found. 

Taken together, the studies on children of atomic 
bomb survivors in Hiroshima and Nagasaki show - 
contrary to common opinion - that even an atomic 
holocaust does not lead to a genetic catastrophe 
among the progeny of the fairly heavily irradiated 
survivors. No genetic effects were discernible in the 
first generation of offspring. We shall show that this 
will probably apply for future generations as well. 
The horror of such an atomic holocaust lies in the 
immediate and short-term effects on exposed indivi- 
duals and, to a lesser extent, in mutations in somatic 
tissue manifesting in later life, for example, as malig- 
nant neoplasias with a latent period of as long as 
10-40 years (See below Sect. 11.1.6). 

The Chernobyl Accident. On 26 April 1986 a severe 
accident occurred at the Chernobyl nuclear power 
station about 100 km northwest of Kiev [13, 95]. 
Large amounts of radioactive material were released 
from the plant. In addition to severe contamination 
of the immediate surroundings, clouds with radionu- 
cleotides were distributed over many European coun- 
tries (Fig. 11.11), especially of iodine (^^T) and cesium 
(^^^Cs) but also other radionuclides. While the acci- 
dent was caused by gross neglect of safety regula- 
tions, it showed that with worldwide dissemination 



of this technology, substantial risks must be faced. It 
can be concluded from the only precedent - the 
atomic bombs - that the genetic consequences of 
this accident for future generations are likely to be 
minor while a slight but definite increased cancer 
risk over a long period of time can be expected. Stu- 
dies on birth defects - possibly related to this acci- 
dent - are in progress. The best studies are from 
Hungary, with its well-functioning system of popula- 
tion monitoring. No increase in either “sentinel mu- 
tations” (see above), Down syndrome cases, or any 
other malformation has been observed [21]. How- 
ever, so-called stochastic effects on somatic tissue 
were observed. For example, an increased frequency 
of thyroid cancer in children relatively soon after 
the accident was noted [39]. If these effects are con- 
firmed as real and not due merely to intensive 
screening for thyroid malignancies, a further in- 
crease in thyroid cancers might be expected in the 
future [37]. 

Irradiation of Parents for Medical Reasons and Tri- 
somy 21 in Children. Reports on the frequency of tri- 
somy 21 (Down syndrome) among children of mo- 
thers exposed to X-ray diagnostics or therapy are 
contradictory. Sigler et al. (1965) [86] compared the 
radiation exposure of 216 mothers of children with 
Down syndrome with that of 216 other mothers of 
the same age and origin. Exposure was clearly higher 
among the mothers of children with trisomy 21. Uchi- 
da et al. (1968) [93] compared the frequency of aneu- 
ploidy among the children of radiation-exposed and 
unexposed women. Whereas the other examined 
parameters did not show differences, there were ten 
children with aneuploidy among the progeny of the 
irradiated women - eight cases with Down syndrome 
and two with trisomy 18. Among the controls only 
one child with Down syndrome was found; the differ- 
ence was statistically significant. However, the gona- 
dal radiation doses received by these mothers were 
very low, between 0.007 and 0.126 Gy. Additional stu- 
dies suggest a higher incidence of aneuploidy after 
radiation exposure. Meanwhile, the problem has of- 
ten been reexamined (for a review, see [95]); most 
studies, including the reexamination of children of 
atomic bomb survivors [81], have failed to show a ra- 
diation effect. Some of the earliest studies were retro- 
spective, i. e., radiation history was established after 
the children were born. 

This mode of study can introduce a bias if the search 
for radiation exposure is - understandably enough - 
more thorough in mothers who have had a child 
with Down syndrome than among control mothers. 
The study by Uchida et al. [93], on the other hand, 
was prospective. Studies yielding negative results 
have been both retrospective and prospective. 
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Fig. 11.11. Air mass movements 
originating from Chernobyl on 

26 April (plume A), 27-28 April 
(plume B), and 29-30 April (plume 
C). Arrival times: 1, 26 April; 2, 

27 April, 3, 28 April; 4, 29. April; 5, 
30 April; 6, 1 May; 7, 2 May; 8, 

3 May. (From UNSCEAR 1988 

[95I) 




From the mouse data discussed in Sect. 11.1.3 one 
would conclude that maternal irradiation in low do- 
ses long before conception should not induce a high- 
er nondisjunction rate in the oocyte. Moreover, wo- 
men in need of X-ray studies may differ from other 
women in their health status, which may affect their 
risk of nondisjunction, and this may very well lead 
to a spurious correlation. Evidence has been repor- 
ted, that irradiation of human lymphocytes in vitro 
with small doses may enhance the frequency of so- 
matic nondisjunction [94]. 

Higher Incidence of Structural Chromosome Anomalies 
and Down Syndrome in Human Populations Exposed 
to High Background Radiation? Some areas in Brazil, 
southern India (Kerala) and China have a high back- 
ground radiation, about 10-100 times “normal” levels, 
due to a high soil content of radioactive elements such 
as thorium and radium in the monazite sands. In Brazil 
a chromosome study was carried out in 12 000 chroni- 
cally exposed inhabitants. There was a significant but 
marginal increase in chromosome-type aberrations 
such as deletions, dicentric chromosomes, and ring 
chromosomes in lymphocyte cultures [7]. A popula- 
tion study of 12 918 individuals living in a high-irradia- 
tion area of Kerala found 12 individuals with Down 



syndrome, 12 others with severe mental deficiency 
and additional malformations, and 11 with severe men- 
tal deficiency but without additional malformations, 
compared with 5938 controls where no Down syn- 
drome cases, only one case with severe mental deficien- 
cy and malformations, and 2 patients with severe retar- 
dation without additional clinical signs were found. 
Moreover, chromosome counts in blood cultures from 
exposed individuals showed a slight increase in the 
number of chromatid and chromosome aberrations 
[41]. While the increase in chromosome aberrations 
in somatic cells, which was reported in both studies, is 
probably real, the higher incidence of Down syndrome 
in the latter study could easily have been caused by an 
ascertainment bias or by other differences between the 
test and control populations, since Down syndrome 
was unusually rare in controls. 

In China, studies on a population of about 80000 
were performed in two high-radiation areas in Yang- 
jiang province. Background radiation here is about 
three times as high as in the control district, where it 
corresponds roughly to that found in most other po- 
pulations of the world. Most families had lived there 
for six or more generations; there was no major dif- 
ference in general living conditions between high-ra- 
diation and control areas. The studies failed to show 
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Table 11.6 Prevalence of Down syndrome among children in the irradiated Chinese population and in the control area (from 
Wei et al. 1987 [102]) 



Area 


Mother’s age 


No. of children 
examined 


No, of cases with 
Down's syndrome 


Frequency per 10^ 
children 


High irradiation 




25 258 


22 


0,87 


Controls 




21 837 


4 


0.18 


High irradiation 


>35 


3076 


14 


4.61 




<35 


22222 


S 


0.36 


Controls 


>35 


970 


3 


3.09 




<35 


20B67 


1 


0.05 




1000 2000 3000 Days 

Days after irradiotion 



Fig. 11.12. After therapeutic radiation exposure 
of women with gynecological tumors the frac- 
tion of cells showing dicentric chromosomes and 
ring chromosomes decreased (0-0-0) in the 
years following exposure. The number of trans- 
locations, on the other hand, (O - - O - - O) re- 
mains more or less stable. (Bauchinger 1968 [11]) 



any increase in cancer mortality or in the proportion 
of children suffering from specified genetic defects 
and diseases compared with controls. The proportion 
of chromosome abnormalities in lymphocytes was 
slightly but not significantly increased in exposed in- 
dividuals [17, 20, 26, 33]. An increase in the frequency 
of Down syndrome in the irradiated area compared 
with the control area was explained tentatively by a 
higher frequency of mothers aged over 35 years. This 
explanation, however, it not entirely satisfactory (Ta- 
ble 11.6) [102, 103]. The frequency of Down syndrome 
is relatively high also in comparison with other areas 
in China. There were obvious problems with ascer- 
tainment. The problem of an increase in trisomy 21 
after very small radiation doses - perhaps only under 
special conditions - has not been solved so far. 

11.1.6 Evidence of Somatic Chromosome Mutations 
After Exposure to Radiation 

Medical Therapy. Tough et al. (i960) [91] were the 
first to describe structural aberrations in the chromo- 
somes of two patients who had been irradiated for 



treatment of ankylosing spondylitis. Since then radia- 
tion sensitivity of human somatic chromosomes has 
often been examined [11, 12]. The following results 
may be noted: 

a) Within a certain time after therapeutic irradia- 
tion, approximately 25%-35% of cells (in most 
cases lymphocytes) have structural chromosome 
aberrations. 

b) The number of cells showing dicentric chromo- 
somes, ring chromosomes, and acentric fragments 
declines with time elapsed between irradiation 
and examination, mostly within the first 2 years 
after irradiation. After 10 years, however, such 
anomalies still were about four times more fre- 
quent than among controls. The number of reci- 
procal translocations, on the other hand, was not 
much lower after 10 years than immediately after 
irradiation (Fig. 11.12). Structural chromosome de- 
fects in lymphocytes were visible as long as 
25 years after combined X-ray and radium therapy 
of gynecological tumors. Similar aberrations were 
observed in patients treated with radioisotopes 
such as or 
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Professional Exposure. Chromosome aberrations in 
individuals exposed professionally to chronic irradia- 
tion have frequently been described. Cells with ring 
or dicentric chromosomes occur very rarely sponta- 
neously (1/2000 cells after 48 h of lymphocyte culti- 
vation, 1/8000 after 72 h). They are therefore good in- 
dicators of radiation exposure. However, simple chro- 
mosome breaks also increase in number [11]. Ex- 
posed groups include workers painting phosphores- 
cent materials on watch dials, nuclear reactor person- 
nel, and persons involved in radiation accidents. It 
has even become possible to calculate the radiation 
dose an individual has received from the extent of 
cytogenetic changes. Such biological dosimetry is a 
useful test in human radiobiology, especially when 
the rapid method of CISS hybrization is used 
(Sect.3.1.3.3) [19]. 

Atomic Bomb Survivors. Sasaki and Miyata examined 
51 survivors of the atomic bomb about 22 years after 
exposure, comparing them with 11 untreated controls. 
No less than 83506 cells were analyzed. In the irradi- 
ated sample, the rate of dicentric chromosomes and 
rings was 0.0027 per cell (201 in 73996 cells). Among 
the controls it was 0.0002 (2 in 9510 cells). The num- 
ber of cells with stable, symmetric translocations 
was also increased. There was a clear relationship be- 
tween the distance from the hypocenter at the time of 
the bombing and the number of aberrant cells 
(Fig. 11.13). 

Other studies with similar results were carried out by 
Bloom et al. [12]. They found four heavily exposed in- 
dividuals who had received radiation doses of be- 
tween 2.07 and 6.42 Gy to have developed clones 
with aberrant cytology. As discussed in Chap. 10, 
clone formation indicates a selective advantage of 
the cells having this chromosome aberration. Cell 
clones with this advantage may develop into malig- 
nant neoplasias. 

Neoplastic Disease in Atomic Bomb Survivors. Follow- 
up studies among patients who have received exten- 
sive radiation and among survivors of the atomic 
bombs in Hiroshima and Nagasaki have shown an in- 
creased frequency of a variety of malignancies. These 
include leukemia, cancer of the female breast, cancer 
of the lung, cancer of the thyroid, and cancer of the 
digestive system. These findings are compatible with 
the somatic mutation theory of cancer (Chap. 10) 
and are therefore not entirely unexpected. The “la- 
tent” period between radiation exposure and clinical 
diagnosis of malignancy is usually very long (more 
than 10 years), particularly for solid tumors (but is 
shorter (~ 4 years) for chronic granulocytic leuke- 
mia). The problem of malignancies after somatic ra- 
diation exposure from various sources and of other 




Distance from hypocenter of atomic bomb 

Fig. 11.13. Frequency of cells (lymphocytes) with chromo- 
some aberrations in relation to the distance from the hypo- 
center at the time of atomic bombing. (From Sasaki and 
Miyata 1968 [77]) 



“stochastic” effects has been studied extensively (see 
the 1986 and 1988 UNSCEAR reports [4]). 

There was some concern as to whether children ex- 
posed to the atomic bomb in utero would run a high- 
er risk of developing malignancies, but the investiga- 
tions carried out on this problem failed to produce 
any evidence of an increase [38]. 

Patients who have survived childhood cancer have of- 
ten undergone radiation therapy. Therefore there was 
some concern about whether their children would 
have an increased cancer risk. A large and well-con- 
trolled cooperative study involving many centers 
found no such effect; quite a few affected children 
were found among parents who had been so treated, 
for example, because of bilateral retinoblastoma, a 
well-known dominantly inherited disease [55]. 

As noted in Sect. 10.4.5, some of the changes conco- 
mitant with normal aging could be due to somatic 
mutation. Some animal experiments suggest a short- 
ening of life span after irradiation [95]. 

11.1.7. Projected Additional Mutations Per Dose 

How many additional mutations are induced relative 
to the spontaneous mutation rate? Here the informa- 
tion from animal genetics, especially mouse genetics, 
serves as a guideline. In view of possible species dif- 
ferences in radiation susceptibility we would certainly 
prefer to base all risk estimates on human data, but 
such data are so scanty that they do not permit any 
reasonable quantitative basis. However, they can 
serve as a background and in some cases help to qua- 
lify estimates from animal data. We consider in parti- 
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cular the expected relative frequencies at the time of 
birth but occasionally refer to the expected zygote 
loss before birth. The various groups of mutations 
will be considered separately. 

Here we compare two recent estimates of prominent 
committees, the United Nations Committee on Effects 
of Atomic Radiation (UNSCEAR) in 1988 and the 
Committee on the Biological Effects on Ionizing Ra- 
diation (BEIR) of the United States Academy of Scien- 
ces. Each supposed low-level chronic radiation, i.e., 
radiation with a low dose rate, and each accepted a 
doubling dose of 1 Sv. These two predictions are con- 
sidered critically below (Table 11.7) [97]. 

Autosomal Dominant and X-Linked Recessive Dis- 
eases. The two reports are in substantial agreement 
for Mendelian diseases. It is not difficult to establish 
a baseline (incidence without additional irradiation) 
and to calculate its mutational component for autoso- 
mal dominant and X-linked diseases with a strong se- 
lective disadvantage where population prevalence is 
maintained by an equilibrium between mutation 
pressure and selection. Relatively reliable sponta- 
neous mutation rates are available. Autosomal domi- 
nant diseases that can be diagnosed early in life have 
been termed “sentinel” mutations, since they could 
be used as indicators (or sentinels) to assess mutation 
rate increases caused by a new agent in the environ- 
ment. Czeizel [21, 22] listed 15 such sentinel diseases 
(Table 11.8), differentiating the incidence of these 
conditions before and after the Chernobyl accident. 
No difference was noted. However, since sentinel con- 
ditions are very rare, a very large population must be 
screened before statistically significant mutation rate 
increases could be discerned [87]. 

Potential sentinel mutations make up only a small 
fraction of autosomal-dominant anomalies in human 
populations. The UNSCEAR and BEIR reports (Table 
11.7) estimated the incidence of autosomal-dominant 
(and, in UNSCEAR, X-linked) diseases to be about 
1% of newborns. The incidence of potential sentinel 
mutations was reported to be about 3 per 10000 in 
Hungary [21]; this is about 30 times lower. Moreover, 
there are some diseases such as bilateral retinoblasto- 
ma and the hemophilias which in the past were main- 
tained by an equilibrium between mutation and se- 
lection, an equilibrium which has been upset by suc- 
cessful therapy in recent decades. Assuming constant 
mutation rates, the incidence of such conditions is 
bound to increase even with no additional mutagenic 
agent, unless there are counteracting circumstances, 
such as artificial selection. 

However, it is very unlikely that the most common 
dominant conditions are maintained by an equili- 
brium between mutation and selection (Table 11.9). 
Monogenic familial hypercholesterolemia, for exam- 



ple, is among the most common of well-defined 
dominant conditions (Sect.6.4.2.2). With today’s liv- 
ing conditions in industrialized countries there may 
be a very small selective disadvantage due to prema- 
ture coronary heart disease, but the high incidence 
of this diseases could be explained by a selective ad- 
vantage in earlier times due to the more austere liv- 
ing conditions. Population genetic problems with dis- 
eases caused by abnormally high amplifications of 
base triplets - principally in myotonic dystrophy, 
Huntington disease, and Fra X syndrome have been 
discussed (Sect. 9.4.2). There is certainly no simple 
mutation-selection equilibrium, and the contribution 
of mutation and selection to incidence of these condi- 
tions in the current population can hardly be asses- 
sed. The fraction of new mutants among all cases 
cannot be determined easily. 

It follows that dominant and X-linked diseases cannot 
be entirely subdivided into those in which the inci- 
dence is maintained by an equilibrium between mu- 
tation and negative selection, and others in which a 
selective advantage under certain living conditions 
has been the decisive factor. The “mutational compo- 
nent” of the entire group has been assumed to be 
15%. Intuitively, this figure appears to be rather 
high. In absence of more precise evidence, however, 
it is wise to remain cautious and assume a rather 
high mutational component: the higher the “sponta- 
neous” mutational component, the higher is the ra- 
diation risk. 

To place any possible mutation rate increase in prop- 
er perspective it should be remembered that the 
“spontaneous” mutation rate is not a natural con- 
stant. The best known influence is that of paternal 
age (Sect. 9.3.3). Model calculations have been per- 
formed to determine the degree to which a given shift 
in the mean paternal age in a population would alter 
mutation rates [52]. Using published data on achon- 
droplasia, myositis ossificans, and acrocephalo- 
syndactyly as examples, the expected incidence of 
dominant new mutants was compared to their inci- 
dences if all fathers were under 30 years of age at the 
time of birth of their children (Table 11.10). Ratios 
vary between 1.22 (Bulgaria, 1980) and 2.67 (Pakistan, 
1968). Thus even a relatively small shift in paternal 
age, especially an increase or decrease of older fa- 
thers, could appreciably affect the mutation rate for 
paternal age dependent mutations. Such an effect 
would be significantly greater than any conceivable 
change in exposure to mutagenic agents, such as ra- 
diation. 

Autosomal-Recessive Diseases. Here the two reports 
diverge. BEIR calculated the increase in the first gen- 
eration to be low, remarking in addition: “very small 
increase.” UNSCEAR, on the other hand, gave a fig- 
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Table 11.8. Follow-up figures for indicator conditions (sentinel anomalies) after the Chernobyl accident (based on number of 
live births; from Czeizel 1989 [21, 22]) 



Baseline 5 May 1986- 1 May 1987- Total 

(1980-1985) 30 April 1987 30 April 1988 



(n = 807939) 


{n = 126708) 


fn = 125514) 




No. Per 10000 


No. Per 10000 


No. Per 10000 No. 


Per 10000 



100800 Achoudroplasia 


38 


0.47 


4 


0.32 


7 


0.56 


11 


0.44 


1 0 1 200 Apert syndrome 


7 


0.09 


2 


0.16 


2 


0.16 


4 


0.16 


106200 Aniridia, bilateral 


2 


0.02 


0 


- 


1 


(0.08) 


1 


(0.04) 


123500 Crouzon syndrome 


5 


0.06 


1 


(0.08) 


2 


0.16 


3 


0.12 


129900 EEC syndrome 


3 


0.04 


0 




0 




0 


_ 


142900 Holt-Oram syndrome 


12 


0.15 


2 


0.16 


2 


0.16 


4 


0,16 


154500 Treacher-Collins syndrome 


3 


0,04 


I 


(0.08) 


1 


(0.08) 


2 


0.08 


166200 Osteogenesis imperfecta, type I 


11 


0.14 


3 


0.24 


3 


0.24 


6 


0.24 


174700 Preaxial poly syndactyly, type IV 


56 


0,69 


15 


1.18 


10 


0.30 


25 


0.99 


183600 Split hand and/or foot, typical 


3 


0.04 


1 


0.08 


0 




1 


0.04 


187600 Thanatophoric dwarfism 


6 


0.07 


2 


0.16 


1 


(0.08) 


3 


0.12 


308300 Incontinentia dwarfism 


7 


0.09 


0 


- 


0 


_ 


0 


_ 


311200 Gorlin-Psaume syndrome 


2 


0.02 


0 


_ 


0 


_ 


0 


_ 


180200 Retinoblastoma 


26 


0.32 


2 


0.16 


1 


(0.08) 


3 


0.12 


194070 Wilms tumor 


65 


0.80 


6 


0.47 


7 


0.56 


13 


0.52 


Total 


246 


3.04 


39" 


3.08^ 


37"" 


2.95" 


76 


3.0 P 



^ Preliminary figures 



Table 11.9. Estimated incidence at birth per 1000 newborns for some of the most common dominant and X-linked diseases 
(adapted from Carter 1977 [16]) 

Inddence/live births Diseases 
(order of magnitude) 



2.0 

1.0 

0.8 

0.5 

0.4 

0.2 

0.1 

0.04 

0.03 

0.02 

0,01 



Monogenic familial hypercholesterolemia 
Dominant otosclerosis 

Adult polycystic kidney disease, X-linked mental retardation 
Multiple exostoses 
Huntington disease 

Hereditary spherocytosis, neurofibromatosis, Duchenne-type muscular dystrophy 
Hereditary polyposis, dominant form of blindness, dominant form of early childhood onset 
deafness, dentinogenesis imperfecta, hemophilia A, dominant ichthyosis 
Osteogenesis imperfecta, Marfan syndrome 
Hereditary retinoblastoma, hemophilia B 

Achondroplasia, acute intermittent porphyria, X-linked deafness, ocular albinism, nystagmus 
Tuberous sclerosis, Ehlers-Danlos syndrome, osteopetrosis tarda, variegate porphyria, cleft lip 
and/or palate with mucous pits oflip, Xdmked imperforate anus, X-linked aqueductal stenosis, 
hypogammaglobulinemia, hypophosphatemic rickets, anhidrotic ectodermal dysplasia, amelo- 
genesis imperfecta 



ure for a moderate increase. This was based on calcu- 
lations regarding induced new mutations and their 
probabilities of meeting by chance an identical muta- 
tion in the population to form a homozygote [85]. 
This probability depends critically on the percentage 
of matings between relatives, i.e., the consanguinity 
rate (Sect. 13.1.1), which cannot be predicted for future 



centuries or millennia. Moreover, recessive mutants 
are not in equilibrium at this time. Their incidence 
in future generations will depend much more on 
many aspects of population dynamics than on the 
mutation rate. However, recessive new mutations 
should not be neglected entirely, especially since het- 
erozygotes may occasionally show small health im- 
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Table 11.10. Estimated relative mutation rate in European 
countries (from Modell and Kuliev 1990 [52]) 



Country and year 


Fathers > 35 
years (%) 


Relative mu- 
tation rate 
( 1 - level 
when all fa- 
thers are < 30 


Bulgaria 1980 


73 


1,22 


East Germany 1930 


8.5 


1,22 


Chechoslovakia 1978 


9.6 


1.27 


Hungary 1980 


10.2 


1.28 


Belgium 1978 


ll.t 


1.33 


Scotland 1980 


12,0 


1.34 


Poland 1980 


12.1 


1.35 


Netherlands 1979 


12.9 


1.38 


France 1980 


14.9 


1.43 


England and Wales^ 1979 


15.4 


1.44 


Finland 1980 


16.0 


1.45 


Denmark 1980 


17.6 


1,47 


Luxembourg 1980 


17.8 


1,47 


Norway 1980 


17.6 


1.47 


Iceland 1980 


2L1 


1.53 


Northern Ireland 1978 


19.0 


1.53 


Switzerland 1979 


20.0 


1.53 


Sweden 1980 


23.4 


1.53 


Malta 1980 


19.8 


1.54 


West Germany 1980 


22.2 


1.57 


Spain 1980 


23,6 


1.64 


Italy 1978 


24,1 


1.64 


Greece 1979 


243 


1.69 


Spain 1966 


33.5 


L69 


Pakistan 1968 


46.1 


2.67 



^ Correlation for infants born out of wedlock does not alter 
the figure. 



pairments [89]. Moreover, radiation-induced reces- 
sive mutations in the mouse are generally deletions 
that exhibit more severe clinical signs in humans 
than point mutations, even in the heterozygous state. 

Chromosomal Diseases. The risks given for chromo- 
somal diseases are in principle very similar in the 
two reports. Indeed, fairly reliable figures are avail- 
able for incidence at birth. Moreover, all trisomies, 
monosomies, and virtually all nonbalanced structural 
chromosomal aberrations prevent their bearers from 
reproduction; most are therefore new mutants. Un- 
balanced structural aberrations are inherited from 
one of the parents, and balanced aberrations are rela- 
tively rare. Calculating the “mutational” component 
therefore presents few problems, in distinction to au- 
tosomal-dominant diseases. Problems do arise, on 
the other hand, by the uncertainties regarding actual 
radiation effects: for monogenic disorders substantial 
data are available from mouse experiments for calcu- 



lating increases in mutation rates with radiation 
dose, but such data are less abundant for trisomies, 
a most important category of chromosomal diseases 
in humans. The uncertainties regarding the possible 
effect of very small radiation doses on nondisjunc- 
tion and on Down syndrome (see above) add to the 
difficulties. Moreover, the baseline (mutation rate 
without additional, induced mutations) depends cri- 
tically on the age distribution of mothers in a popula- 
tion. 

For numerical chromosomal diseases UNSCEAR 
gives a figure of 3400/1000000; BEIR’s estimate is 
3800/1000000. The two reports agree that the in- 
crease with rising mutation dose is probably very 
small. Adding incidence data in newborns for autoso- 
mal and gonosomal numerical anomalies yields an 
incidence (without radiation) that is closer to the 
higher figure. The conclusion that the increases with 
radiation may be small is based on mouse data; it is 
corroborated by the results of the Hiroshima-Nagasa- 
ki studies which failed to show any increase in gono- 
somal anomalies in children of atomic bomb survi- 
vors. At first glance one would expect more X mono- 
somies since in the mouse the time around fertiliza- 
tion has been found to be especially susceptible to 
X-chromosome loss. However, most X monosomies 
occurring at this early time do not survive but lead 
to early abortion. Therefore it is appropriate not to 
consider them in predictions confined to abnormal- 
ities at birth or later. 

The situation is simpler regarding structural chromo- 
somal aberrations. Here, not only are good human 
data available regarding incidence at birth but experi- 
mental results in the mouse are supplemented by data 
from other mammalian species including humans 
(see above). The two estimates agree very well. 

Congenital Anomalies and Multifactorial Diseases. 
For the incidence of these two categories the figures 
of UNSCEAR and those of BEIR deviate from one 
other: those in the former are twice the latter’s esti- 
mate for congenital anomalies. This discrepancy re- 
flects uncertainties in definition and incidence (see, 
for example [97], and earlier UNSCEAR reports). 
Moreover, only a minority of birth defects have a 
well-defined genetic origin. For many of them genetic 
differences in liability play a role, but many may be 
random events during the complex process of differ- 
entiation and embryonic development (Sect. 8.4.2). 
Therefore estimating the “mutational component” 
becomes practically impossible. 

In theory, a system of continuous registration of all 
birth defects according to carefully defined rules, 
complemented by ad hoc studies of family data and 
environmental exposure (radiation, drugs, environ- 
mental chemicals) would be the best system for an- 
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swering questions regarding incidence and causation. 
The program in Hungary, which has been in opera- 
tion since the early 1960s, appears to be most infor- 
mative [23-25]. 

In multifactorial diseases, the difficulties in arriving 
at an estimate are still greater than those for birth de- 
fects, as should be obvious to readers who have stu- 
died the sections on these diseases (Chap. 6). The 
main problems are the following [40, 97]: 

1. The degree to which genetic variability, on the one 
hand, and variation in the environment, on the 
other contribute to disease liability differs for dif- 
ferent diseases. 

2. Even for the same disease (or group of diseases), 
liability varies over time and with environmental 
conditions, for example, in Diabetes mellitus and 
coronary heart disease (Chap. 6). 

3. The nature of genetic variation in complex diseases 
is different, and mostly unexplored. A part of it 
may not be susceptible to mutation pressure, and 
may not increase if the mutation rate rises. For ex- 
ample, in some multifactorial diseases, genetic 
polymorphisms such as the ABO blood groups 
and HLA types - as well as other polymorphisms 
- are involved (Sect. 6.2). Here, very rare mutations 
may occur. The effect of such mutations on the fre- 
quency of multifactorial diseases is presumably 
negligible. In the mouse paternal irradiation has 
led to an increase in dominant skeleton mutations 
with irregular penetrance and expressivity which 
could serve as models for human malformations. 

In conclusion, the estimates for congenital anomalies 
and multifactorial diseases are extremely unreliable. 
Predictions in this area would be most interesting 
from the point of view of public health and radiation 
protection because these two groups of conditions 
are much more common than monogenic diseases, 
where estimates of the correct order of magnitude of 
the risk are possible. 

The only way out of this difficulty is to fall back on 
empirical data. A prediction of the possible effects of 
an increased mutation rate on incidence and prev- 
alence of birth defects and multifactorial diseases 
could be based, for rexample, on the Hiroshima-Na- 
gasaki data set, possibly complemented by data from 
populations living in high-radiation areas. In any 
case it is reassuring that the limited evidence 
available so far - both in humans and in mice 
(Sect. 11.1.3) - shows that low-dose irradiation has 
only few, if any ill effects on the frequency of birth 
defects and multifactorial diseases. 

How Many Naturally Occurring ''Spontaneous” Muta- 
tions Are Caused by Natural Background Radiation? 
The considerations on doubling doses and number 



of radiation induced mutations per sievert per locus 
aid in calculating the proportion of naturally occur- 
ring mutations induced by natural background radia- 
tion. This radiation is estimated to be 0.03-0.04 Sv 
over 30 years (Table 11.7). The dose rate is extremely 
low. Therefore an value of 1 Sv or ever higher [56] 
for the doubling dose may be reasonable for muta- 
tions in spermatogonia. Additional irradiation simi- 
lar in amount to background radiation would en- 
hance the spontaneous rate by 3%-4% or less, and 
the same proportion of the spontaneous mutation 
rate might be caused by natural background radia- 
tion. 

Improvement of these estimates would require the 
following: (a) A more thorough knowledge of the 
genetic factors of multifactorial conditions and of 
dominants with low penetrance, (b) A much better 
knowledge of the incidence and prevalence of heredi- 
tary diseases. This knowledge can come only from 
carefully planned, large-scale epidemiological studies 
in which medicostatistical information is combined 
with ad hoc studies on single diseases using carefully 
defined criteria for diagnosis, (c) Better knowledge of 
the interplay between mutation and natural selection, 
especially for those diseases in which genetic equili- 
brium between mutation and very strong selection is 
not immediately obvious. 

In Sect. 11.1.2, four questions were asked: 

1. In what way, if any, does the agent affect the genet- 
ic material? 

2. How extensively is the human population exposed 
to this agent? 

3. What is the probable increase in mutations com- 
pared to the “spontaneous” mutation rate? 

4. What are the long-term consequences of this in- 
crease for the population? 

A cumbersome chain of arguments has led us to 
question 3 and to some extent into question 4. The 
main thrust of question 4, however, cannot be an- 
swered since we do not yet know the proportion of 
the total sum of mutations that are harmful. The po- 
pulation studies on irradiated mouse populations 
could lead us to rather optimistic conclusions as to 
consequences for the human population, but humans 
are not mice, and extrapolation of these results could 
be misleading. The discussion of population genetics 
(Chap. 12) provides some answers regarding the 
long-term trends. 

Under close scrutiny, the problem of the genetic risk 
to human populations by ionizing irradiation turned 
out to be unexpectedly complex. However, a trail 
through the wilderness of problems, although partial- 
ly covered by weeds and occasionally interrupted by 
inaccessible ravines, has become visible in gross out- 
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line. The situation is quite different for the genetic 
risk due to chemical mutagens. Here the problems 
are still more complex, and the scientific community 
has hardly begun to blaze a useful trail. 



11.2 Chemically Induced Mutations 

11.2.1 Extent of the Problem 

History [9, 10]. Mutation induction by chemical com- 
pounds was suspected even in the early days of genet- 
ics. In his first publication on radiation-induced mu- 
tation Muller (1927) [54] wrote: 

“It has been repeatedly reported that germinal changes, pre- 
sumably mutational, could be induced by X or radium rays, 
but, as in the case of the similar published claims involving 
other agents (alcohol, lead, antibodies, etc.), the work has 
been done in such a way, that the meaning of the data, as ana- 
lyzed from a modern genetic standpoint, has been highly dis- 
putatious at best; moreover, what were apparently the clearest 
cases have given negative or contrary results on repetition.” 

Following Muller’s publication a one-sided emphasis 
on radiation genetics developed, and for a long time 
there was little interest in any other mutagenic 
agents. In 1941 Muller again commented on the at- 
tempts to influence genetic material through chemi- 
cals (Cold Spring Harbor Sympium): 

“But although many very drastic treatments (killing the ma- 
jority of the organisms treated) have been tried, none so far 



reported has met with marked success and has been tested 
and had its efficacy confirmed by independent workers . . . 
In view of the high protection ordinarily afforded the genes 
by the cell which carries them, ... it is not to be expected 
that chemicals drastically affecting the mutation process 
while leaving the cell viable will readily be found by our 
rather hit-and-miss methods. But the search for such agents, 
as well as the study of the milder, “physiological” influences 
that may affect the mutation process, must continue, in the 
expectation that it still has great possibilities before it for 
the furtherance both of our understanding and of our control 
over the events within the gene ...” 

In 1942 Auerbach and Robson in the United Kingdom 
achieved unassailably positive results by producing 
mutations in Drosophila with nitrogen mustard (not 
a “mild” agent). For reasons of military secrecy these 
results were not published until after the war [6]. The 
motive of testing this particular substance for muta- 
genicity was the similarity between the skin lesions 
induced by nitrogen mustard and those induced by 
high acute doses of radiation. 

Independently, Oehlkers (1943) [63] in Germany had 
achieved positive results on Oenothera, particularly 
with urethane, a much-used drug which was consid- 
ered a good hypnotic for children but later proved 
carcinogenic. Oehlkers was interested exclusively in 
basic research. His publication gave no indication at 
all of any particular motive for choosing urethane as 
a test agent. Rapoport (1946) [64] in Russia described 
the mutagenic action of carbonyl compounds. 

After these first discoveries the new field expanded 
rapidly, but there was little if any discussion on prac- 
tical perspectives or concern with mankind’s genetic 




Fig. 11.44. (Text see p.485) 
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Fig. 11.14. (continued) 
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health. The first moves in this direction can be found 
in a lecture by Liiers (1955) [45] and in a survey arti- 
cle by Barthelmess (1956) [8]. In 1961 Conen and Lan- 
sky [18] described for the first time chromosome 
aberrations in the lymphocytes of individuals treated 
with nitrogen mustard. Since the early 1960s - after a 
delay of about 20 years since chemical mutagens were 
first described - the scientific community gradually 
recognized the possible threat of chemical mutagens 
to the human population. Rohrborn (1965) [66] was 
the first to summarize the evidence and to pose clear- 
ly the important questions. Since then the field has 
evolved rapidly, the Environmental Mutagen Society 
(EMS) was founded, monographs have been pub- 
lished [35, 102], and frequent conferences are held. 

Mutagenic Compounds in the Human Environment. 
Mutagenic effects have been observed for a great many 
compounds and in a wide variety of test organisms. 
For most of these effects - such as genome mutations, 
chromosome breaks and rearrangements, and point 
mutations - the genetic significance is obvious. Others, 
such as “stickiness” of chromosomes and chromosome 
“gaps” (Sect. 2.2.2), are difficult to evaluate. Some sub- 
stances impair the function of the tubular apparatus 
necessary for spindle formation during mitosis. Taken 
as a whole, the effects of chemicals on the genetic mate- 
rial are more varied than those of radiation. 

Figure 11.14 presents the mutational mechanisms of 
selected mutagenic compounds. The strongest muta- 
gens observed so far are alkylating agents, such as 
nitrogen mustard, ethyleneimine compounds, and 
methylsulfonic acid esters. Many of these compounds 
are used to treat malignancies or conditions where an 
immune reaction or a cell proliferative process is to 
be inhibited. Other groups of mutagenic compounds 
used in therapy include antimetabolites of nucleic 
acids or of folic acid and acridine compounds. 

Testing for Mutagenesis by Chemical Compounds Has 
Now Become a Field of Toxicology. Earlier editions of 
this book devoted extensive discussion to problems 
of chemical mutagenesis and mutagenicity testing. 
Meanwhile, however, this field has been taken over 
by a different scientific community and is now part 
of toxicology. This illustrates the way in which con- 
cepts and methods of genetics become basic for other 
sciences and necessary for solving biomedical pro- 
blems (See Sect.6.1.1.6). Therefore these problems 
are not discussed in detail here. Only a few general 
approaches related to exposure of human populations 
and to assessment of genetic risks are mentioned. 



< Fig. 11.14. Molecular mechanism of point mutations induced 
by chemicals 



As with ionizing radiation, risk estimates confront 
two main questions: (a) What substances are muta- 
genic? (b) To what extent are humans exposed to 
them? In comparison with radiation, however, there 
are substantially more aspects to be considered. 
With progress in elucidating molecular mechanisms 
ever more such mechanisms are being analyzed; 
each group of mutagens may act in a different way. 
Therefore our first question - whether a chemical is 
mutagenic or not - is much too general. Important 
parameters to be examined include: in what cells is 
it mutagenic - germ cells, somatic cells, or both? If 
germ cells are endangered - primarily in which sex 
and in what phase of germ cell development are mu- 
tations induced? Here enormous differences have 
been found by mouse experiments. Acridine dyes, 
for example, lead mainly to frame shift mutations 
and cause mutations in all phases of male germ cell 
development, while trenimon, a cytostatic agent of 
the ethyleneimine group, induces structural chromo- 
some mutations, the majority of which are eliminated 
in the course of meiosis. Thus exposure only during 
the short time of about 8 weeks between meiosis and 
fertilization leads to an appreciable yield of mutation 
effects in the offspring. 

Another question is: what kinds of mutations are in- 
duced? As has been demonstrated extensively above, 
we must distinguish genome, chromosome, and gene 
mutations. Even spontaneous mutations of these 
three types are produced by several quite distinct me- 
chanisms, such as nondisjunction in trisomy and de- 
methylation of CpG dinucleotides in some transi- 
tions. Earlier techniques such as in vivo mutagenicity 
testing in animals tried to consider at least some of 
these parameters so as to allow conclusions regarding 
the actual danger for exposed humans. These in vivo 
tests, however, are expensive and time consuming. 
Therefore faster and cheaper testing methods were 
highly desirable. Here the bacterial geneticist Ames 
[50> 51] provided support. The tests he developed ap- 
pear helpful in testing not only for mutagenicity but 
also for carcinogenicity, since it is generally accepted 
that most if not all tumors are initiated by a somatic 
mutation (Chap. 10). 

Ames Test as a Screening Test for Carcinogens? This test is 
based on the following principle: most of the enzymes for 
drug metabolism are found in the microsomal fraction of 
liver cells. The chemical to be tested is therefore first exposed 
to microsomal preparations in vitro to mimick in vivo metabol- 
ic processes and then tested for mutagenicity in bacterial sys- 
tems. A few bacterial mutations, especially revertants, such as 
from histidine dependence to wild type, are regarded as repre- 
sentative for the entire genome. This test has been improved in 
recent years and has found wide acceptance in toxicology. At 
the same time, it seemed to solve another urgent problem: 
how to test substances for their capacity of inducing cancer 
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since cancer is usually due to somatic mutations - (Chap.io). 
It is therefore not surprising that many mutagens are, at the 
same time, carcinogens and vice versa, and that many of the 
compounds known as carcinogens have been identified as mu- 
tagens. At present animal testing for carcinogenicity - as mu- 
tagenicity testing of the live animal (in vivo) - is time consum- 
ing and expensive. It was therefore suggested to introduce a 
fast method for mutagenicity testing - and the Ames test is 
such a fast method - as a screening test for potential carcino- 
gens. In a study of 300 different compounds, carcinogens and 
noncarcinogens, this test showed 157 of 175 carcinogens to be 
mutagenic [50, 51]. Only very few noncarcinogens demonstra- 
ted mutagenic activity. This result has been discussed exten- 
sively in recent years; it is undisputed that some carcinogens 
may escape observations as they do not act through DNA 
damage. In general, the problems of extrapolation from the 
bacterial to the human genome and from the in vitro assay to 
in vivo conditions are similar to those encountered in testing 
for germ cell mutagenicity. The method may help to establish 
priorities in carcinogenicity testing of environmental chemi- 
cals as many more compounds can be tested within a short 
time. However, it cannot replace the in vivo methods. 

Meanwhile, a two-step procedure has been estab- 
lished in many agencies interested in mutagenicity 
testing: the Ames test or similar methods are being 
used to prescreen new chemicals. This helps to elimi- 
nate compounds with strong mutagenic activity. 
Compounds passing this test - or appearing to be 
important for medical therapy - are then tested in a 
second step, generally using the faster in vivo proce- 
dures available in mammals, especially the mouse, 
or in human cells. However, some of the really impor- 
tant questions - such as do pharmacogenetic differ- 
ences affect mutagen metabolism? - Which type of 
mutations are mainly induced? - In what phase of 
germ cell development do they occur? - And what 
would be their phenotypic consequences in humans? 
- all these questions remain unanswered. Genome 
mutations, for example, are very important from a 
public health point of view since they are so common 
(Sect. 9.2.1), but in conventional toxicological muta- 
genicity testing they are not considered. 

11.2.2 How Widely Is the Human Population 
Exposed to the Agent? 

An Important but Sometimes Neglected Question, The 
question of how extensively human populations are 
actually exposed to the agent is crucial for any esti- 
mate as to the genetic threat of chemical mutagens. 
These considerations have sometimes been neglected 
in discussions on chemical mutagenesis. Again, as 
with many other problems, the most plausible expla- 
nation can be found by considering the sociology of 
science. Most research workers concerned with pro- 
blems of chemical mutagenesis are experimental sci- 



entists with experience in mutation research on 
some test system, for example, the mouse, human 
chromosomes, or bacteria. Understandably, their 
principal concern is with the efficiency of test meth- 
ods. Toxicologists who take up these methods for 
practical use are usually not initiated along genetic 
lines. 

The problem of population exposure will be consid- 
ered as follows: 

a) How many people are exposed to a specified mu- 
tagenic agent? 

b) What doses of this agent are used and for how 
long? 

c) How do the age and sex of the exposed popula- 
tions compare with the age- and sex-specific re- 
production rate of the general population? 

d) To what extent, if any, do individuals exposed to 
the agent actually reproduce? For example, do 
they suffer from diseases that prevent them from 
having children? 

e) Do the offspring show signs of genetic damage? 

The first three questions can often be answered ap- 
proximately on the basis of data available in statistical 
and medical publications. 

Population Exposure to a Frequently Used Drug. Iso- 
niazid (INH) was a drug frequently used in the ther- 
apy of tuberculosis, a disease affecting persons of all 
ages. The mutagenic activity of this drug has repeat- 
edly been shown in bacteria. INH inhibited transcrip- 
tion in an in vitro polynucleotide assay, and it re- 
duced postreplication repair in Chinese hamster cells. 
On the other hand, a comprehensive research pro- 
gram using many different mammalian in vivo test 
systems for chromosome aberrations failed to show 
any definite increase in the spontaneous mutation 
rate [68]. Induction of point mutations could not be 
tested. Certainly a drug of this kind should be consid- 
ered from the standpoint of population exposure. 
Such a study was carried out for the population of 
West Germany in 1970. It turned out that more than 
35% of the total drug-exposed population were of re- 
productive age. Assuming that the reproduction of 
these tuberculosis patients equaled that of their age 
and sex mates in the normal population, it was esti- 
mated that 5600 children per year should be expected 
from them. This means that one child in every 162 
would be at risk as offspring of a marriage in which 
one parent had been treated for tuberculosis. If the 
compound were mutagenic, this would represent a 
small but nonnegligible population exposure [78]. 

Population Exposure to Highly Mutagenic Drugs. The 
situation is quite different for cytostatic drugs. Here 
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mutagenicity is undisputed. The analysis, however, 
cannot be sufficiently exact if only published or avail- 
able statistical data are used. Life expectancy is usual- 
ly very short at the beginning of therapy. In addition, 
the cancer patients treated with these drugs are 
usually in generally poor health, so that their repro- 
duction cannot be assumed to equal that of the un- 
treated population. An additional step specifically in- 
volving the number of children born to patients after 
the onset of treatment needed to be introduced into 
the analysis. This, together with all the steps set out 
earlier for INH, was carried out in another popula- 
tion study in West Germany [99]. The results indica- 
ted that only 23 children per year could be expected 
from cytostatically treated patients after initiation of 
therapy. Therefore cytostatic treatment would not 
have enhanced the overall mutation rate of the popu- 
lation to a noticeable extent. However, this conclusion 
is valid only as long as cytostatic therapy is limited to 
malignant diseases and to a few other rare condi- 
tions. 

Similar Studies Are Needed for Other Chemicals. The 
two studies from West Germany cited above show 
that available information sometimes makes it possi- 
ble to estimate the additional load of mutations im- 
posed by specific compounds, provided the com- 
pound has been shown to be mutagenic for man. 
The results for INH, on the one hand, and cytostatic 
drugs, on the other, were essentially negative but for 
different reasons. The mutagenicity of INH in the 
mammalian test system used so far could not be con- 
firmed. As for gene mutations, the matter has not 
been settled. Although cytostatic drugs are undispu- 
ted mutagens, reproduction by the exposed popula- 
tion is so low that there is virtually no genetic risk 
for the overall population. 

Where there is more exposure, and when the com- 
pounds involved are confirmed to be mutagenic by 
in vivo experiments with mammals, a basis for extra- 
polating the extent of the additional mutational load 
is available. The time has come to attempt similar es- 
timates for all drugs and environmental chemicals 
which have been shown to be mutagenic. In this way 
it would be possible to achieve at least a minimum 
estimate of the additional genetic load due to chemi- 
cally induced mutations. This information is urgently 
needed. In drawing possible conclusions we should 
always keep in mind that while the exposure to any 
specific compound may be small, the total exposure 
to a great variety of possible mutagenic compounds 
could be appreciable. On the other hand, the human 
species - as other species - has always been exposed 
to a great number of naturally occurring chemicals 
from plants and other sources. Any assessment of an 
additional burden due to chemical mutagens (and 



carcinogens) makes it necessary to consider this 
“natural” load and its variation in relation to nutri- 
tion and other, “naturally” occurring exposures 

[3]. 

In Sect. 11.1.4 the exposure of human populations to 
ionizing radiation is discussed. The data presented 
there were selected from a huge amount of informa- 
tion collected systematically over a long period of 
time in many countries and populations. Little work 
along such lines has been carried out so far to assess 
human exposure to chemical mutagens. 

11.2.3 How High an Increase in the Spontaneous 
Mutation Rate Must Be Anticipated 
Due to Chemical Mutagens? 

Chemically Induced Versus Radiation-Induced Muta- 
tions. In Sect. 11.1.5 no clearcut answer to the problem 
of increased mutations by ionizing radiation could be 
given. The expected order of magnitude can be deter- 
mined with some confidence only for structural chro- 
mosome aberrations and, with some qualifications, 
for dominant and X-linked gene mutations. The un- 
certainty was due in part to our ignorance of the 
“baseline,” i.e., the overall spontaneous mutation 
rate in humans. The same element of uncertainty 
would hamper any attempt to calculate the increase 
in mutations due to chemical mutagens. Unlike the 
situation in radiation genetics, however, other and 
quite essential information is also lacking. We know 
very little about the actual size of the populations ex- 
posed to known mutagens. Our knowledge of the 
exact pattern of action of many of these compounds 
is fragmentary. We do not know enough about cell 
stage specificity, about mutations induced in germ 
cells and somatic cells, about induction of genome, 
chromosome, and gene mutations, or about pharma- 
cokinetics. For a great number of compounds to 
which human beings are exposed it is unknown 
whether they are mutagenic for mammals. The risk 
is somewhat higher when mutagenicity has been con- 
firmed in other organisms, such as bacteria, bacterio- 
phages, fungi, or Drosophilay but even chromosome 
breaks in human lymphocyte cultures do not prove 
mutagenic activity in the living organism, as evi- 
denced in the case of caffeine. Sufficient in vivo stu- 
dies on mammalian test systems are still lacking for 
many compounds. 

As Griineberg has put it [31], the radiation risk re- 
sembles the risk that we are exposed to in automobile 
traffic: the enhanced rate can be calculated approxi- 
mately, and adequate precautions are to a certain ex- 
tent possible. The risk due to chemical mutagens, on 
the other hand, resembles the risk involved in a walk 
through the jungle at night: here a crackling in the 
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underbrush, there an unexplained sound, may signal 
unknown hidden dangers. 

Monitoring of Human Populations for Increased Mu- 
tation Rates. In view of these difficulties it is indeed 
tempting to ask whether we should not try to moni- 
tor large populations for new mutations. Any increase 
would be observed directly, and we could try to relate 
it to radiation, chemical mutagens, or other possible 
causes. 

There are various possibilities for selecting traits to be 
sampled in such a monitoring program. For example, 
it is possible to screen for some “sentinel” mutations - 
dominant mutations with specific phenotypes for 
which spontaneous mutation rates are fairly well 
known (Tables 9.6, 9.7). However, the number of indi- 
viduals to be surveyed is in the order of several million, 
and because mutations to a specific phenotype are rare, 
many of them pose diagnostic difficulties due to genet- 
ic heterogeneity and phenocopies that require a high 
level of medical expertise for diagnosis. While a good 
estimate of the order of magnitude of the mutation 
rate is feasible, calculating an increase with confidence 
would be difficult. An alternative would be to screen 
for genome and chromosome mutations. Technically 
such a task would be much easier as these conditions 
are more frequent, but obviously this approach does 
not provide any information about gene mutations. 

A clean, but at the same time ambitious, approach is 
examination of population samples to assess geneti- 
cally determined protein and enzyme variants from 
blood and to establish for each variant whether it is 
transmitted from one of the parents, as is usually 
the case, or whether it represents a new mutation 
[58]. We must be sure only to study rare variants 
and to omit the many polymorphic variants that are 
frequent. 

There are many problems involved in studies of this 
type. The most critical is statistical. Spontaneous mu- 
tation rates for single mutations discoverable at the 
protein level are very low (Sect. 9.4). Therefore, very 
large sample sizes are needed to detect an appreciable 
increase in the mutation rate with certainty [87, 96, 
98]. 

The question may be put as follows: How precisely can a true 
trend (t) 

between the mutation rates in two populations or time peri- 
ods be estimated from the observed trend (t') 

t' 

Xi 

if and are the observed numbers of new mutants in the 
two populations? An approximation can be found for the 
probability 



p =0.95 

that f is found between the following limits depending on the 
real trend t: 



f = t± 2 t 



3.8 ^ 

x/ i 



'- = 2 




where ^ is the sample size of the two samples x^ and x^ to- 
gether. Figure 11.15 shows the confidence limits for the appar- 
ent trend t' (ordinate) depending on the sizes of both samples 
together and the real trend (abscissa). For example, if the real 
trend t is 1.3, i. e., if the mutation rate in the second sample is 
1.3 times the mutation rate in the first sample, 500 new mu- 
tants are needed to find an increase, and in this case the ap- 
parent trend f would be found with 95% probability between 
approx. 1.08 and approx. 1.52. These figures should be com- 
pared to the spontaneous human mutation rates of the possi- 
ble human sentinel mutations (Sect. 9.3, Tables 9.6, 9.7) and 
of chromosome and genome mutations (Sect. 9.1.2, Table 9.3) 
to obtain some notion of the sheer size of the problem. 
Some data are available. Among 133478 alleles studied in in- 
dividuals at the Galton Laboratory in London a total of 77 
rare biochemical variants were found, and each biochemical 
variant was found to be transmitted from one parent or the 
other to the proband. No new mutations were detected. These 
data allow the estimation of a maximum mutation rate for 
these biochemical variants, which was 2.24 x lo"^ per gene 
per generation (See [32]). 



Genome and chromosome mutations frequently oc- 
cur spontaneously so that a monitoring program can 
remain within reasonable limits. To detect a signifi- 




Fig. 11.15. Confidence limits (p = 0.95) for an apparent trend 
between two mutation frequencies (t\ ordinate) depending 
on the real trend (t, abscissa) and the sizes of the two samples 
Xj and X2 together (x^ ^) 
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cant increase in mutations for the usual dominant 
genetic diseases, whole populations of large countries 
would have to be screened thoroughly for decades. 
For mutations identifiable at the protein level, a large 
and extremely well-organized program would be suc- 
cessful if the number of genes available for screening 
were suitably enhanced [58, 59]. 

Two different approaches have been suggested. The 
first [59] uses cord blood samples collected from pla- 
centas (infant blood) immediately after delivery. At 
the same time blood samples are also collected from 
both parents. In these samples as many electrophore- 
tic polymorphisms are examined as possible. Quanti- 
tative variation in some enzymes is also assessed. 
Such a program requires a special organization for 
assuring the cooperation of parents and collecting of 
blood. Therefore this method is practicable wherever 
relatively small populations are exposed to a poten- 
tially high risk, and a maximum amount of informa- 
tion must be collected from few individuals. However, 
such programs are not feasible for continuous moni- 
toring of populations consisting of millions of people. 
Under such circumstances relevant biological speci- 
mens may be available that have been collected for 
other purposes and could also be used for mutation 
monitoring. As noted in Chap. 7, newborns are 
screened for phenylketonuria (PKU) and other inher- 
ited metabolic diseases. For PKU, the Guthrie test is 
normally performed, using blood spots dried on pa- 
per. These spots can be tested for hemoglobin var- 
iants [98] and a number of other gene products [1]. 
The methodology is fast and cheap, both technically 
and logistically. As discussed in Sect. 9.4, one fresh 
Hb a mutation has been discovered in a pilot study 
on 25 000 newborns. 

Before such a program is introduced into large-scale 
population monitoring, cooperation within the scien- 
tific community must be organized in such a way as 
to ensure that every variant which may represent a 
new mutant is carefully verified - including paternity 
testing - by an experienced laboratory. The paternity 
problem is particularly vexing. In Western countries, 
false paternity is common in a small percentage of 
all family studies. Mutations are much rarer than 
false paternity. However, with an increasing number 
of polymorphisms, especially of DNA, paternity ex- 
clusion can usually be established. In the long run, 
human society would have information on mutation 
frequencies with changing environmental - as well 
as genetic - conditions. Statistical problems involved 
in ascertaining an increase in mutations by popula- 
tion monitoring are not trivial but appropriate meth- 
ods have been suggested. However, even if an in- 
crease in mutations were to be demonstrated, the 
task of finding the causative agent or agents would 
be indeed daunting. 



Present Social Attitudes Toward Mutagenicity Testing. 
Relatively little effort is presently being invested in 
any society to estimate risks posed by chemical mu- 
tagens. There is, however, growing awareness that 
chemicals yet to be introduced - for example, as 
pharmaceuticals or pesticides - should be tested for 
mutagenicity. The problem is more difficult in the 
case of those already long in use, but testing at least 
the most important of these compounds has been in- 
itiated. Hence there is agreement that chemicals 
should be tested for mutagenicity; the confusion 
arises over the question of how they should be tested. 

Mammalian in vivo test systems are available for all 
types of germ cell mutations and for most somatic 
mutations, but these techniques generally require 
more time and more technical skill than methods 
using simpler test systems such as bacteria, fruit flies, 
or lymphocyte cultures. Therefore it is always tempt- 
ing for policy makers to fall back on the following ar- 
gument: since geneticists disagree in their recommen- 
dations, and since there is a correlation in mutation 
induction even between the most remotely related 
species, expensive mammalian in vivo systems need 
not be applied, and simple systems that are cheaper 
and quicker are sufficient. As noted, such a policy 
leaves important questions as to phase specificity, 
type of mutations, and most pharmacokinetic and 
pharmacogenetic problems unanswered - even when 
liver microsomes are used to allow for metabolic var- 
iation. Moreover, the differences usually found even 
among various “simple” systems make it more than 
likely that many mutagens would be overlooked even 
if the following two-step procedure were adopted: 

1. Test a great number of compounds in a simple sys- 
tem. 

2. Select those that are mutagenic and test them in 
the “relevant” mammalian in vivo systems. 

Nevertheless, the sheer size of the problem forces 
compromises, and a first step involving quick testing 
of a great number of substances - for example, with 
microbial test systems involving mammalian liver 
microsomes - may be inevitable in some cases. How- 
ever, the possibility of “false negatives” should not be 
overlooked. Compounds that are suspected because 
of their chemical constitution and those frequently 
used by many persons of reproductive age ought to 
be tested with more relevant systems even when 
screening systems yield negative results. 

Medical and Social Significance of Various Types of 
Mutations. Complete assessment of the impact of mu- 
tations on humans would require an analysis of the 
types of diseases produced by various kinds of muta- 
tions. It is important to differentiate between prenatal 
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and postnatal effects. Mutagenic agents that lead to 
early abortuses may not even be noticed and may be 
manifested by a slight delay of menstrual period. 
Their impact is zero. Abortions during the first tri- 
mester are recognized but have relatively little im- 
pact. Fetal loss during the last trimester of pregnancy 
is rare, and stillbirths have a more significant impact 
on the family but entail less burden than a variety of 
genetic diseases and birth defects. Here again, those 
defects associated with relatively early mortality 
cause fewer mental, social, medical, and family pro- 
blems than diseases associated with long-term suffer- 
ing for the patient and his family. Since most muta- 
genic agents are also carcinogenic, the production of 
neoplasms is a more direct and immediate effect. All 
autosomal trisomies apart from trisomy 21 are lethal 
in infancy, and most are aborted in the first trimester. 
The largest medical impact therefore concerns Down 
syndrome, with a current incidence of 1-2/1000. 
There is profound mental retardation that requires 
special care in the home or in institutions. The medi- 
cal and personal impact of spontaneous abortions as 
the result of chromosome anomalies or lethal genes 
is much less severe. X-chromosomal aneuploidies 
are much more common. Their total impact on socie- 
ty comes largely from XXY (Klinefelter) patients, 
with a current frequency of 1/1000 male births or 
some what higher. The mean intelligence of such 
males is somewhat lower than that of the control po- 
pulation. There is some increased failure of social 
adaptation, and infertility is the rule (Sect.2.2.3.2). 
While there is a slightly increased load on medical fa- 
cilities, the major impact of this condition occurs in 
the personal and social sphere, which is harder to 
quantitate. XO females are usually aborted sponta- 
neously. If there is postnatal survival, shortened sta- 
ture and infertility constitute the main personal and 
medical impact. The XXX condition has no apparent 
medical implications but may be associated with 
mental retardation. 

Chromosome mutations, such as deletions and trans- 
locations, if unbalanced, usually lead to early fetal 
loss. The few postnatal survivors with such mutations 
have serious malformations and may require exten- 
sive medical care, but most die early in life. 

The total impact of point mutations is more difficult 
to assess. There are many autosomal-dominant and 
X-linked diseases clearly maintained in the popula- 
tion by equilibrium between mutation and selection 
(Sect. 9.3). However, the total frequency of all these 
diseases is about 1%. Many are almost always trans- 
mitted, such as Huntington disease, and few new mu- 
tations have been observed. In others, such as achon- 
droplasia, about 80% of cases are new mutations. An 
increase in the mutation rate would lead to a substan- 
tial increase in diseases where most cases now repre- 



sent fresh mutations. Other common dominant disea- 
ses such as familial hypercholesterolemia are unlikely 
to be maintained by mutational equilibrium. Selective 
factors have probably been prominent in making for 
relatively high frequencies. New mutations would 
therefore have a small impact. 

New mutations for autosomal-recessive diseases 
usually manifest only in the homozygous state. The 
medical load is minimal since it requires the mating 
of two heterozygotes, and the disease impact is de- 
layed over many generations. Furthermore, equili- 
brium for such recessive diseases no longer applies: 
this has led to a relatively low incidence in recent 
times. 

The multifactorial group of diseases includes many 
birth defects, most common diseases of middle life, 
the common psychoses (schizophrenia and affective 
disorders), and many cases of mental retardation. 
The total medical and social impact of these diseases 
is far in excess of the strictly genetic diseases. The es- 
timated impact of mutation depends upon the genetic 
model applicable to the genetic causation of these 
disorders. The problems involved in estimating the 
mutational impact of these diseases have been dis- 
cussed; no predictions as to the effect of an increased 
mutation rate are possible. 

However, it is possible that serious and large-scale ef- 
fects of mutations could potentially affect birth de- 
fects and diseases that are not usually considered ge- 
netic diseases by the public. More genetic work on 
the specific genetic contribution to these diseases is 
therefore required. 

Conclusions 

“Spontaneous” mutations often lead to phenotypic 
anomalies and disease. It is therefore important to 
identify factors that enhance the mutation rate. Two 
such influences have been identified by studies on 
nonhuman model systems: ionizing radiation and 
chemical mutagens. Studies on mice and human cells 
indicate that the human genome is also susceptible to 
mutation induction by these two types of mutagens. 
However, a variety of methods used to examine hu- 
man populations whose parents were exposed to in- 
creased radiation, such as the children of survivors 
of atomic bomb explosions, have failed to provide 
clearcut, conclusive evidence of an increase in the 
germ cell mutation rate. Study of the survivors them- 
selves showed an increase in various malignancies 
due to somatic mutation. No epidemiological evi- 
dence is available regarding a possibly increased mu- 
tation rate in humans due to chemicals. Careful pro- 
tection against mutation- inducing agents such as ion- 
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izing radiation is required, but there is no reason to 
anticipate a genetic catastrophe if radiation exposure 
remains approximately at current levels. Very little in- 
formation is available to assess the extent of possible 
mutational damage from chemicals. 
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Population Genetics: Description and Dynamics 



''The main agent of natural selection 

in the human species during the last five thousand years 

has been infectious disease.'' 

Haldane and Jayakar, 1965 



Population genetics deals with the consequences of 
Mendelian laws on the composition of the population 
with special reference to the effects of mutations, se- 
lection, migration, and chance fluctuation of gene 
frequencies. All these factors together determine the 
genetic population structure. Knowledge of popula- 
tion genetics is useful for many purposes. For exam- 
ple, it provides a basis for understanding the epide- 
miology of genetic diseases and helps in the planning 
of measures for their prevention. Another objective 
of studies in population genetics is improved under- 
standing of human evolution and the prediction of 
future trends in the biological evolution of mankind 
in the face of various environmental changes. Since 
the human population is much better described than 
any other species, and much better records are avail- 
able, there are many advantages to studying the po- 
pulation genetics of man. 

The work of Fisher, Haldane, Wright, and their suc- 
cessors has provided an elaborate theoretical frame- 
work for population genetics. Empirical data on man 
and their interpretations, however, have lagged be- 
hind mathematical and theoretical considerations. 
Several excellent expositions of population genetics 
exist (Li 1955 [77]; Li 1976 [79]; Crow and Kimura 
1970 [26]; Cavalli-Sforza and Bodmer 1971 [18]; Jac- 
quard 1974 [63]; Hard and Clark 1989 [55]; Ewens 
1980 [36]; Weiss 1994 [144]). Our treatment of the 
subject therefore is not exhaustive. Special attention 
is paid to empirical data collected in human popula- 
tions and their interpretation. 

Work in human population genetics may convenient- 
ly be divided into two broad classes: description of 
populations and their genetic composition and stu- 
dies designed to understand the causes for changes 
in the human gene pool. These two approaches are 
intimately connected. It is impossible to elaborate 
specific hypotheses or to design studies to test them 
unless certain underlying facts regarding population 
structure are known. However, there are so many dif- 
ferent human populations and so many known genet- 
ic traits that the task of describing the genetic charac- 
teristics of all populations is formidable. A selection 
of the more important problems is necessary. What 
are the guidelines for such a selection? 



In general, similar principles should apply to both 
the planning of scientific work in human population 
genetics and to formulating the design of laboratory 
investigations. Empirical studies conducted without 
guidance by a specific hypothesis rarely lead to sig- 
nificant insights. The quality of scientific work gener- 
ally depends on the profundity and specificity of the 
underlying hypotheses. One cannot expect, however, 
that all data collection in science will always be guid- 
ed by a hypothesis. The human genome project is an 
excellent example. However, usually mere data- col- 
lecting activities are scientifically less satisfactory 
than projects that ask specific questions. Fortunately, 
descriptive data can often be obtained from a variety 
of sources: 

a) Polymorphisms for DNA variants particularly, and 
less so for enzymes and other proteins are conti- 
nually being described. Testing of populations to 
determine gene frequencies of various genetic 
markers provides data for assessing population 
structure. 

b) Population testing may be carried out for medical 
reasons. For example, newborn screening for phe- 
nylketonuria and sometimes for other rare reces- 
sive disorders is now performed as a routine pro- 
cedure in many populations. These studies pro- 
vide valuable information about population differ- 
ences in gene frequencies. 

c) Gene frequency data may be collected while test- 
ing a specific hypothesis in a population. Even if 
the hypothesis is rejected, or if the outcome of 
the study is equivocal, the descriptive data may 
be useful. 

Categorizing a human population using frequencies 
of genetic polymorphisms and genetic diseases is 
only the initial step in understanding the differences 
in gene frequencies among various human popula- 
tions. Explanatory hypotheses are required to explain 
the differences. 

Consider, for example, the hypothesis that the high 
frequency of persistence of intestinal lactase activity 
in White adults as contrasted with Mongoloids and 
blacks is caused by a selective advantage in a climate 
favoring the development of vitamin D deficiency 
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and rickets, since lactose enhances calcium resorp- 
tion from the intestine and calcium reduces the risk 
of developing rickets. This hypothesis has a biologi- 
cal basis, is specific, and can easily be refuted by 
showing that lactose does not increase calcium re- 
sorption. Hypotheses of this sort are highly desirable. 
However, much work in human population genetics 
remains at the descriptive level. 



12.1 Population Description 

12.1.1 Hardy-Weinberg Law: 

Extended Consideration - Gene Frequencies 

Hardy-Weinberg Law for Autosomal Genes [loo]. The 
Hardy-Weinberg Law is discussed above (Sect. 4.2). 
Let two alleles A^, have the gene frequencies 
Aj = p, A^ = ^; p + ^ = 1, let mating be random. The 
three phenotypes will occur in the following frequen- 
cies: p^AjAp 2pqA^A^, ofA^A^. This rule may be gener- 
alized as follows. If the gene frequencies of n alleles, 
A„ A^. . ,A„, are p^, . ,p„ = i). and if the po- 

pulation breeds at random with respect to the gene 
locus Ay the phenotypes will occur according to 
chance combinations of these alleles in pairs: 

(piAi + P2A2 + . . . + p„A„) ^ = 

^Pi^A + J 22 piPMi 

i=l i<j 

In the absence of disturbing influences both the gene 
and the genotype frequencies remain constant from 
generation to generation. For autosomal genes this 
“Hardy-Weinberg equilibrium” is reached in the first 
generation of random mating. This is not so, how- 
ever, for X-linked genes. 

Hardy-Weinberg Law for X-Linked Genes. Let two alleles A^ 
and A^ have frequencies p^ and (p^ + = 1) i^ the male 

population; the phenotypes A^ and A^ are also found with fre- 
quencies Pm and q^. In the female population, on the other 
hand, the genotypes A^A^, A^A^, and A^A^ occur in frequen- 
cies r, 2s, and t (r + 2s + t = 1). Then the frequencies of the 
alleles and in the females are pp = r -1- s and = s + t, 
respectively, and these women produce oocytes of the two 
types Aj and A^ also with frequencies pp and q^y respectively. 
Their male offspring are formed in the same proportion. Fe- 
male offspring, on the other hand, are produced from a com- 
bination of the (ppA^ + qpAJ oocytes with the (PmA^ + qu^i) 
X sperms of the men. The next generation will therefore be 
composed as follows: 

dd: 

ppAi + ^pA2, 

99: 

PmPfAiAj + (Pm^F + pF ^m)AiA2 + “ ^¥^ 2^2 



It follows that the frequencies of A^ in the males and in the 
females of the next generation are: 

^M = ^F> qp-H Pm^F Pf^m) ^M^F = 2 (^M + ^f) 

This means: 

a) The gene frequency of A^ in males of each generation is 
equal to the gene frequency of A^ in females of the preced- 
ing generation. 

b) The frequency of A^ among females in 'each generation 
equals the mean of the frequencies of A^ in males and fe- 
males of the foregoing generation. 

c) The equation: 

q M~ q ¥ - ~ i iqu ~ qp) 
holds. 

This means that if the gene frequencies in males and females 
in one generation are not equal their difference is halved in 
the next generation. In addition, the sign of the difference 
changes: if q^ is higher than q^y then q'^ will be higher than 
g'p. Both gene frequencies q^^ and q^ converge to a common 
value q; at the same time, the genotype distributions in the 
two sexes tend to the equilibrium states: 

dd: 

( 1 - 4 ) Ai + 4A2, 

99 : 

(, 1 -qP A, A, + 24 ( 1 - 4)AiA2 + f A A 

The mode of approximation to this equilibrium can be seen 
in Fig. 12.1. This example shows that establishment of a 
Hardy-Weinberg equilibrium after one generation of random 
mating is by no means self-evident. 

The other limitations of the Hardy-Weinberg Law 
have been enumerated in Sect. 4.2; a great deal of po- 



qf f qm 

0.30 0,40 0.50 0.60 




Fig. 12.1. Approximation of gene frequencies in males to 
equilibrium value, if the mode of inheritance is X-linked 
(Jm = 0.6; q^ = 0.3; 4 = 0.4; — gene frequencies in males, q^^; 
— , gene frequencies in females, q/y q, gene frequency at 
equilibrium 
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pulation genetics can be regarded as the elaboration 
of this fundamental rule. 

Gene Frequencies. Individuals in a given population 
can be classified on the basis of their phenotypes. In 
an increasing number of cases - especially in genetic 
polymorphisms - these phenotypes provide unequi- 
vocal evidence of the genotype. However, description 
of genetic variability in a population in terms of 
genotypes is usually clumsy. The Hardy-Weinberg 
Law makes it possible to describe this variability in 
terms of gene frequencies. This notation simplifies 
the matter; in a system with two alleles, a single num- 
ber {p or q) comprises all the information needed. 
The estimation of gene frequencies is described in 
principle in Sect. 4.2 and in Appendix 1; a detailed 
outline is given by Race and Sanger [109] and by 
Mourant et al. [94]. 



12.1.2 Genetic Polymorphisms 

Definition and History. A polymorphism is a Mende- 
lian or monogenic trait that exists in the population 
in at least two phenotypes (and presumably at least 
two genotypes), neither of which is rare - that is, nei- 
ther of which occurs with a frequency of less than 
i%-2%. This cutoff point is somewhat arbitrary and 
has no formal scientific basis. The term polymorph- 
ism is generally not used when referring to the rela- 
tively frequent heterozygotes for a rare autosomal re- 
cessive disease. However, once the heterozygote state 
becomes detectable in the laboratory, as increasingly 
happens, it is appropriate to refer to such traits as 
having polymorphic frequencies. Often we find 
more than two alleles, and more than two pheno- 
types, for a single locus. A polymorphism should be 
contrasted with a rare genetic variant. Rare genetic 
variants are arbitrarily defined as monogenic traits 
that occur in the population with a frequency of less 
than i%-2%, and usually at much lower frequencies. 
The first human polymorphism was the ABO blood 
group discovered by Landsteiner (1900) [76]. Until 
1955 polymorphisms were known for only a number 
of other red cell surface antigens, i.e., the blood 
groups. In 1955 Smithies [119, 120] described the 
method of starch gel electrophoresis, which permits 
separation of proteins on a fixed medium not only 
by charge but also by molecular size. The new meth- 
od enabled Smithies to detect polymorphism of a 
serum protein: the hemoglobin-binding protein hap- 
toglobin. This method proved useful first for detec- 
tion of serum protein polymorphisms and later - to- 
gether with methods for specifically identifying en- 
zyme activities - for detection of enzyme poly- 
morphisms. 



A great number of polymorphisms for other serum 
proteins - and later for enzymes of blood plasma, 
erythrocytes, and leukocytes - have been detected. 
Many polymorphisms are genetically straightfor- 
ward, with two alleles determining two variants of 
the same protein. Others are highly complex, such as 
the MHC, with multiple, related loci in a complex 
system on human chromosome 6 (Sect. 5.2.5). 

Present Situation. Table 12.1 shows the most impor- 
tant polymorphisms. Some of these exist in only one 
major racial group. For a few polymorphisms specific 
hypotheses as to their maintenance in human popula- 
tions by natural selection have been proposed. These 
hypotheses are discussed in greater detail in 
Sects. 12.2.1.6 and 12.2.1.8. 

Biochemical Individuality for Polymorphisms. Garrod 
(1902) [47] ended his paper on alcaptonuria 

(Sect. 1.5) with the sentence: 

If it be, indeed, the case that in alcaptonuria and the other 
conditions mentioned we are dealing with individualities of 
metabolism and not with the results of morbid processes the 
thought naturally presents itself that these are merely ex- 
treme examples of variations of chemical behavior which 
are probably everywhere present in minor degrees and that 
just as no two individuals of a species are absolutely identical 
in bodily structure neither are their chemical processes car- 
ried out on exactly the same lines. 

This “biochemical individuality” is striking when all 
blood polymorphisms are considered. Let us, for ex- 
ample, select a northwestern European individual 
having the most frequent alleles of every polymorph- 
ism listed in Table 12.1. How many other individuals 
will have the same phenotype and genotype for all 
markers? This probability can be calculated by multi- 
plying the relative frequencies of these phenotypes in 
the white population (Table 12.2), with the result of 
9.2 X 10"^; thus, among one million males fewer than 
one will have this phenotype, although this particular 
combination is the most frequent one. All other com- 
binations are rarer still. 

Table 12.1 does not even include the phenotypes of 
the major histocompatibility complex (MHC) 
(Sect. 5.2.5) or other less well-documented poly- 
morphisms and many enzyme systems for which 
only rare variants have been observed. Had these 
been included, it could have been shown that every 
person on this planet (except for identical twins) is 
genetically unique. The physiological function for 
only some of the polymorphic characters listed in Ta- 
ble 12.1 is known. Their possible significance for pre- 
dictions of health risks under varying environmental 
conditions is discussed in Sect. 7.5.2. 
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Table 12 . 1 . Some important human polymorphisms affecting gene products (blood groups, proteins, and enzymes) 
Name Main alleles Remarks 



Erythrocyte surface antigens (blood groups) 



ABO 


A], A 2 J B, 0 


ABH secretion 


Se, se 


Diego 


Di^ Di^ 


Duffy 


Fy^, F)^, Fy 


Kell 


K,k 


Kidd 


Ik% Jk^ 


Lewis 


Le% Le"" 


Lutheran 


Lu^ Lu“^ 


MNSs 


MS. Ms, NS, Ns 


P 


Pji P 21 P 


Rhesus 


Gene complexes CDe, cde, 
cDE, C^'De, cDe, cdE, CDE, 
and others in varying 
combinations 


Xg 


Xg% Xg 


Serum protein groups 


ttj-Antitrypsin 


PI“', PI“% PI“«, PI^ PI^ 


(a, -protease inhibitor) 


Ceruloplasmin 


CP®, CP*. CpC 


Complement compo- 


C3\ C3’’ 


nent-3 


Group-specific protein 


GC"; GC®, GC^ 


Haptoglobin 


HP'®, HP"; HP^ 


Immunoglobulins 


Glm®, G3m®, Glm', Glm'-^ 


IGHG (gm) 


IGKC (Km) 


Km’, Km® 


Properdin factor B 


BF*. BF'' 


(glyc i ne-r ich-^- glyco- 
protein) 


Transferrin 


TFS TF<'', TF''>, TF®. TF'® 


Red cell enzymes 


Acid phosphatase-1 


ACPI*, ACPI®, ACPI'' 


Adenosine deaminase 


ADA', ADA® 


Adenylate kinase-1 


AKl', AKl® 


Esterase D 


ESD‘, BSD® 


Peptidase- A 


PEPA', PEPA® 


Peptidase- D 


PEPD', PEPD®, PEPD® 


(praline di peptidase) 



For discussions of disease associations see Sect* 6.6*2; for nat- 
ural selection see Sect* 12.2*1*3, 

Interaction with the Lewis system. 

Allele Di^ present only in Amerindians and Mongoloid popula- 
tions (Sect 14*3,1)* 

Amorphic allele Fy common In Africans; discussion of selection 
in Sect. 143. L 

Other, closely linked loci, e. g., Sutter (Js®). 

Very few individuals with Jk (a-b-)* 

Interaction with ABH secretor locus. 

There are some other, closely linked antigens: Hunter and Hen- 
shaw, especially in Africans* 

Allele p is very rare. 

Discussion of maternal- fetal incompatibility; structure of the 
gene complex and linkage disequilibrium in Sect, 5*2.5; bio- 
chemical basis in Sect. 5*2.4. 

X -linked* 

Numerous rare alleles* Discussions of a, -antitrypsin deficiency, 
especially in homozygotes of the PIZ allele, in Sect. 6*2*4. 

Most Europeans are homozygous blacks have a gene 

frequency of 0.06 for CP^* 

Apart from these two common alleles, there are a number of 
rare ones* 

Special variants described, for example GC^'^ in Chippewa In- 
dians, in Australian aborigines; subdivision of common 
alleles possible; discussion of natural selection in Sect. 14*3.1* 

Many rare variants are known; genetic and nongenetic ahapto- 
globinemia occurs. 

This is a very complicated system with many rare haplotypes 
and specificities; see genetics of antibody formation, Sect. 7*4. 

More alleles are known, but are usually not easily available* 
Rare alleles are known. 

Different D and B variants have been described, all of them are 
rare. D variants occur mainly in Africans* 

An additional allele ACPl*^ has been observed in Khoisanids, 
Rare alleles ADA^ and ADA"* have been described* 

Some other, rarer alleles are known* 

Rare variants are also known. 

PEPA^ has a gene frequency of about, 0*07 in Africans; whites 
have almost exclusively PEPA^ Rare variants are known. 

PEPD^ observed especially in Africans* 
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Table 12 . 1 . (continued) 



Name 



Main alleles 



Ph osph oglucomutases 



PGMl 

PGM2 

PGM3 

Phpsphogluconate 

dehydrogenase 



PGMl^', PGMl’^, PGMl®^, 
PGMl^^ 

PGM2^ PGM2^ 

PGM3’> PGM3^ 

PGD^, PCD*^ 



Other enzyme polymorphisms 
Alcohol dehydrogenase ADH3', ADH3^ 



Cholinesterase (serum)- 1 CHE 1 CHE 1 CHE 1 ^ 



Glu tarn i c- py r u vi c t ran s - G PT ' , C PT^ 
aminase (alanine ami- 
notransferase) 



Liver acetyl transferase Rapid and slow inactivators 



Remarks 



Rare alleles are known. 

Allele PGM 2^ only in Africans, other alleles very rare* 
Enzymes mostly in leukocytes, placenta and sperms. 
Some other, rare alleles are known. 



ADH2 active in other organs, ADH3 active in the intestines. 
Discussed in Sect 7*4.1. 

Acti vi ty dis c us sed in S ect. 6 . 1 . 1 . 2 . 



Discussed in Sect. 7.5.1* 



Table 12 . 2 . Frequencies of the most common phenotypes of 
the polymorphisms in Table 12.1 among European popula- 
tions 



Phenotype 


Approximate 

frequency 


Blood groups^ 


A1 


35% 


CdD. ee 


33% 


Fy (a + b + ) 


48% 


Jk (a + b + ) 


50% 


K-k + 


91% 


Lu (a - b + ) 


92% 


MNSs 


23% 


Pt 


79% 


Se 


7S% 


Xg (a + ) 


66% 


Serum proteins and erythrocyte enzymes^ 


ADA 1 


87% 


ACPI AB 


39% 


AKl 1 


93% 


BF S 


61% 


C3 S 


61% 


GC IS 


34% 


Gm (—1, —2, +3, + 5 ) 


45% 


GPT 2 " i 


49% 


HP 2 - 1 


47% 


km C^l) 


37% 


PGD A 


96% 


PGMl al 


39% 


Pi Ml 


55% 


TF Cl 


57% 



Incidence of this most common phenotype: 9.2 x io~^. 
^ Frequencies from Race and Sanger ( 1975 ) [ 109 ]. 

^ Frequencies from Hummel ( 1971 , 1977 , 1979 ). 



What is the Proportion of Polymorphic Human Gene 
Loci? For what proportion of their gene loci are hu- 
mans polymorphic? Are polymorphic loci only a re- 
latively small fraction of all human gene loci, or is 
the proportion of polymorphic loci appreciable? 
Blood groups can be detected only if an antibody 
is found against a certain antigen. However, the an- 
tibody could be formed only in an individual not 
carrying the same antigen. Therefore serological de- 
tection of a gene locus usually presupposes genetic 
variability with respect to this gene locus - either a 
polymorphism or a rare variant. The detection of 
genetic variability proceeds differently for enzymes. 
The search for enzyme variability requires an ability 
to detect the enzyme readily in an electrophoretic 
medium. If there is polymorphism, abnormal elec- 
trophoretic mobility of the variant gene product of- 
ten results. Detection of the normal (wild-type) 
and variant enzyme can be achieved only by locali- 
zation of the enzyme-specific biochemical reaction 
on the supporting medium of electrophoresis, for 
example starch gel. Such localization is performed 
by developing a test system for enzyme assay that 
results in a colored end product allowing direct vi- 
sualization on the gel. For example, red cell acid 
phosphatase splits phenolphthalein phosphate at 
pH 6 into phenolphthalein and phosphate; the free 
phenolphthalein stains the starch gel only at those 
segments of the gel where the enzyme has migrated. 
Different patterns of enzyme staining are detected 
that can be related to major gene differences 
(Fig. 12.2). 

Screening a number of enzymes for variants by ana- 
logous methods made possible an unbiased estimate 
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of the proportion of polymorphic enzymes. Such a 
calculation was carried out by Harris and Hopkinson 
in 1972 [53]. They collected information from electro- 
phoretic surveys of European populations on 71 dif- 
ferent loci determining enzyme structure. The num- 
ber of different enzymes tested was smaller, as one 
enzyme may consist of more than one polypeptide 
chain and hence may be determined by more than 
one gene. A polymorphism was registered if the 
gene frequency of the most common alleles did not 
exceed 0.99. Since the heterozygote frequency (ipq) 
is about twice the genotype frequency (q), about 2% 
of the population would be heterozygous for such 
alleles. According to this definition, 20 of the 71 
(28.2%) loci showed polymorphisms. This figure 




Fig. 12.2. Erythrocyte acid phosphatase polymorphism. Se- 
paration in agarose-thin layer electrophoresis. Treatment 
with 4-methylumbelliferyl phosphate produces of bright 
fluorescence detectable by UV light. (Courtesy of U. Barth- 
Witte) 



does not comprise the total number of polymorph- 
isms, as some variants cannot be identified by elec- 
trophoresis but require different methods of detec- 
tion (e.g., pseudocholinesterase; Sect. 7.5.1). Since the 
electrophoretic technique may not have been good 
enough in some cases to show clearly differences be- 
tween variants, the figure of 28.2% is almost certainly 
an underestimate. For one of these enzymes - ery- 
throcyte acid phosphatase with three common alleles 
- more than 50% of the population are heterozygous. 
For other loci the degree of heterozygosity is much 
lower, and for all 71 loci the average proportion of 
heterozygous individuals was estimated at 6.7% per 
locus. It can be calculated from the genetic code that 
only about one-third of all possible base substitutions 
lead to polar amino acid replacements with an expec- 
ted change in the electrophoretic mobility [136]. 
However, there is no a priori reason to assume that 
mutations leading to nonpolar replacements have a 
lower probability of occurrence. Hence, the real aver- 
age heterozygosity per locus may be about three 
times higher, amounting to approx. 20%. Similar 
findings regarding the ubiquitous occurrence of ge- 
netic polymorphisms have been made in all biologi- 
cal species examined (Fig. 12.3). This finding is there- 
fore not unique to the human species where it was 
first discovered. Attempts to explain this remarkable 
genetic heterogeneity, which is not surprising in the 
human species with its highly differentiated indivi- 
dualization of physiognomic features, has elicited 
considerable controversy and led to theories of non- 
Darwinian evolution in which it has been claimed 
that most genes are selectively neutral (See 
Sect. 14.2.3). 



50 1 



□ proportion of polymorphic loci 

□ average percentage of heterozygotes 



30 



10 



Denmark California Peromyscus Limulus Drosophila Drosophila Homo 
mouse polyphenis persimilis pseudo- sapiens 

( mus muse ulus) obscura 



Fig. 12.3. Proportion of genetic enzyme polymorphism in different species, including man. (Adapted from Harris and Hopkin- 
son 1972 [53]) 
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Rare Variants. The limiting frequency of the most 
common allele, and thus for a genetic polymorphism, 
was set at 0.99 in the study by Harris and Hopkinson 
[53]. However, rare variants have become known for 
many enzymes. Often such rare variants are present 
in addition to polymorphisms; for many of the other 
loci only rare and no common variants are known. 
The probability of detecting rare variants depends on 
the sample size, and population samples of at least 
several hundred individuals need to be studied for 
an assessment. Such samples were available for 43 en- 
zyme loci. Rare variants were defined as having a 
gene frequency of 0.005 or lower. 

At 22 of the 43 loci - 7 of 13 “polymorphic” loci and 
15 of 30 “nonpolymorphic” ones - rare alleles were 
found. There were 56 rare alleles in all, and of these 
the majority were extremely rare, 45 having gene fre- 
quencies of less than 0.001. The influence of sample 
size on the probability of variant detection was de- 
monstrated by the fact that the mean sample size for 
loci at which rare alleles were found was 4023, while 
it was only 1300 for loci at which no rare alleles were 
detected. For some loci where this study detected no 
rare variants, such rare mutants have been found in 
other studies. It is therefore reasonable to assume 
that they may occur for all enzymes. 

Average heterozygosity per locus was calculated for 
rare alleles in a similar way as for polymorphic var- 
iants: 

Number of heterozygotes for rare alleles at all loci (204) 

Sum of individuals screened for each locus (115 755) 

= 1.76 per 1000 individuals per locus. 

Similar results have been obtained for other popula- 
tions [126, 139]. Chapter 11 describes studies of such 
polymorphisms on children of atomic bomb survi- 
vors in Hiroshima and Nagasaki. The mutation rate 
found was in the order of magnitude of 10“^ per lo- 
cus, the estimate being based on three new mutants 
in half a million gene loci among the normal control 
children. Therefore this mutation rate has the same 
order of magnitude as those for genes leading to her- 
editary diseases (Table 9.6). 

Genetic Polymorphisms of Other (e.g., Structural) Proteins. 
On the basis of data showing a high frequency of genetic 
polymorphism in enzymes it was initially concluded that 
most genes are highly polymorphic. Some studies have 
shown, however, that this is not the case. There are sugges- 
tions that there are fewer polymorphisms in structural than 
in soluble proteins [73, 141, 146, 147]. 

DNA Polymorphisms [23]. The large extent of poly- 
morphisms in expressed gene products such as blood 
groups, tissue types, and blood proteins is vastly ex- 
ceeded by genetic variation at the DNA level. Since a 



large proportion of the genome does not appear to 
be involved in the direct regulation or specification 
of gene products, mutations in these nonregulatory 
and noncoding regions of DNA appear to have no 
phenotypic effect and might be selectively neutral. 
Determination of DNA sequences in different indivi- 
duals has revealed tremendous variability at the level 
of DNA, usually outside coding genes. Family studies 
have shown the different DNA variants to be trans- 
mitted by Mendelian inheritance. An entirely new 
set of markers is therefore now available. 

Types of DNA Polymorphism. While the proportion of 
interindividual heterozygosity per base pair in sin- 
gle-copy DNA was estimated to be 0.004, i.e., every 
200th or 300th base pair turned out to be poly- 
morphic, estimates for DNA inside of coding genes, 
and identified at the protein level, were about ten 
times lower [24, 95]. Therefore the noncoding DNA 
offers an abundance of polymorphisms which can be 
used, as markers for linkage studies (Chap. 5) or for 
studies on population history and evolution. The first 
DNA polymorphism was discovered by Kan and Dozy 
in 1978 [66]. It was closely linked to the yS-globin gene 
and permitted prenatal diagnosis of sickle cell ane- 
mia. A short time later Solomon and Bodmer [122] 
and Botstein et al. [16] showed that a roster of a few 
hundred such polymorphisms, distributed over the 
entire genome, would allow the localization of genes 
on all chromosomes provided that a sufficient num- 
ber of informative families were available. In the fol- 
lowing years this prediction has come true on a large 
scale (Chap. 5). Table 12.3 shows the types of poly- 
morphisms. There are now three types: 

1. Restriction length fragment polymorphisms 
(RFLPs). These polymorphisms were discovered 
first. They are usually caused by relatively com- 
mon, inherited single base pair changes in noncod- 
ing DNA sequences that are inherited by Mende- 
lian transmission. Such alterations lead either to 
removal or introduction of a recognition site for 
one or another of the many different restriction 
enzymes, causing increases or decreases in the 
length of restriction fragments. These DNA var- 
iants are therefore referred to as restriction frag- 
ment-length polymorphisms. They are caused by 
a difference in the number of cleavage sites 
that are cut by a certain restriction endonuclease 
(Sect.3.1.3.2) in different areas of the genome. 
They are demonstrated as follows: DNA is usually 
prepared from white blood cells and cut into frag- 
ments by the restriction enzyme. The resultant 
fragments are separated by electrophoresis; the 
smaller fragments migrate faster in the electric 
field than in larger ones. The double- stranded 
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Table 12 . 3 . Classes of DNA polymorphisms 



Marker: 



What causes the poly* How is the polymorphism Information 

morphism? demonstrated? content (PIC) 



Restriction fragment length 
polymorphism (RFLP) 

Minisateliites, VNTRs 



Microsatellites, STRs 



Nucleotide differences in restriC' 
lion sites recognized by restric- 
tion enzymes 

Variable number of consecutive 
repetitive sequence blocks, size 
of one repeat 9-60 bp 
Variable number of consecutive, 
repetitive sequence blocks; size 
of one repeat unit about 2-4 kp 



Restriction with suitable enzyme; 0-0.5 
electrophoresis; Southern blot; 
hybridization with DNA probe 
Restriction with suitable enzymes; 0,3 -0.9 
electrophoresis; Southern blot; 
hybridization; sometimes PCR 
PCR technique; sometimes with 0,3“0,9 

radioactive primers 



PIC, Probability of information content (1 = 100 %). 



DNA is now denatured to become single-stranded 
by heating and is transferred to a nylon filter 
(Southern blotting). As a next step, the segment of 
interest must be identified within the total DNA of 
the individual. This is accomplished by a radioac- 
tive (or otherwise marked) DNA probe which hy- 
bridizes with the relevant DNA segment which 
contains the complementary sequence. 

2. Minisatellites (variable number of tandem repeats, 
VNTR). These were discovered by Jeffreys et al. in 
1985 [64] and are found very frequently in noncod- 
ing, repetitive areas of the genome. Sequences of 
about 9-60 base pairs are repeated in tandem 
order and may be present in a varying number 
of repeats per chromosome. One repeat number 
is represented by one band in electrophoresis 
(Fig. 12.4); as a rule, one individual is heterozygous 
and has therefore two bands. However, there may 
be many alleles, up to approximately 100, in a po- 
pulation. Therefore they are likely to be informa- 
tive as markers (high PIC values). For their identi- 
fication the Southern blot technique described 
above for RFLPs or a PCR technique is used. Often 
several minisatellites can be studied in the same 
assay. One property, however, diminishes their uti- 
lity for some applications: each of these poly- 
morphisms has a relatively high mutation rate - a 
small percentage per generation. This is not entire- 
ly surprising. The similarity of base composition 
between multiple sequences creates ideal condi- 
tions for meiotic pairing of structure homologous 
but not position-homologous DNA segments, lead- 
ing to unequal crossing over. (Sect. 5.2.8). 

3. Microsatellites (short tandem repeats, STRs). These 
were discovered by Weber and May in 1989 [142]. 
For example, pairs of two bases (CA)^ may be re- 
peated from a few to very many times. There may 
be up to approx. 30 different alleles in a population 
for one such polymorphism. The best method for 





AL 4 3 2 1 AL 



Fig. 12.4. VNTR polymorphism of a region 3' to the apolipo- 
protein B gene on chromosome 2 pter- 24 , detected by PCR 
analysis. Genomic DNA was amplified with primers outside 
the polymorphic region. The PCR products were separated 
by gel electrophoresis and visualized by ethidium bromide 
staining. The results were compared with an allelic ladder 
(AL), consisting of a mixture of the most common alleles 
(numbered). VNTR markers of this sort are often used in for- 
ensic and paternity testing. The figure shows a mother/child 
pair (1, 2) and two alleged fathers (3, 4). One (4) can be exclu- 
ded from paternity. (Courtesy U. Barth- Witte) 



their study is the PCR reaction (Sect.3.1.3.5). Two 
primers attached to the DNA on both sides of the 
polymorphism are required; this means that short 
base sequences outside the polymorphism must 
be known. Information on primers can now be 
gathered from a genome data base (Appendix 3). 
In addition to the two base pair STRs, those com- 
prising variable repeats of three to five base pairs 
have been described [33, 113]. The common STR 
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Fig. 12.5. Three individuals, two of them (A, C) 
homozygous for different restriction fragment 
length polymorphism (RFLP) haplotypes, the 
third {B) heterozygous. Principle of analysis and 
results of agar gel electrophoresis and Southern 
blotting 



Person A Person B Person C 

Isolate DNA 

I 

Cut with restriction endonuclease 




I 

J 

Separate fragments by agarose gel electrophoresis 



Region of I 
homology of 
DMA probe 



Blot fragments on to nitrocellulose 

1 



c 



Hybridize with labeled DNA probe- expose to X ray film 

I 



markers have become the DNA variants of choice 
in the study of human and mammalian linkage. 
Many such markers can be assessed by automated 
typing. If a sufficient number of families or sib 
pairs are available, any Mendelian gene can nowa- 
days be localized by a study of a large number of 
STRs spread over the entire genome. 

A radioactive DNA probe complementary to the 
gene or DNA sequences under study is applied to 
the filter. The probe hybridizes with the DNA to be 
tested, which can be recognized by autoradiography. 
The “needle in the haystack” or the tiny amount of 
DNA among the 6-7 billion DNA base pairs of an in- 
dividual can therefore be identified [96]. 

Applications of DNA Marker Studies. The use of DNA 
markers extended the theoretical and practical appli- 
cations of genetic linkage work considerably. For ex- 
ample, the high degree of individuality of DNA pat- 
terns together with the fact that DNA can be extract- 
ed from all nucleated cells, and even minute amounts 
can be amplified the PCR reaction, makes DNA poly- 
morphisms excellent tools for identifying individuals 
even if very little material is available. Thus forensic 
applications for the identification of blood and sperm 
residues have come into common use. While there is 



no controversy about the conceptual basis of this 
DNA technique, much discussion has been devoted 
to statistical issues that arise in calculating the prob- 
abilities that a suspect’s DNA pattern come from the 
same person [98 a]. It is almost certain that using 
multiple markers appropriately will make it possible 
to demonstrate a unique DNA pattern for every per- 
son except for identical twins. 

Applications to paternity testing are often discussed. 
More conventional polymorphisms such as the MHC 
system are already producing satisfactory results in 
almost all cases. However, DNA studies will probably 
replace them because they are cheaper. 

Mitochondrial DNA Polymorphisms. Mitochondria 
are transmitted only from the mother to all her chil- 
dren; there is no diploidy, no meiosis, and no recom- 
bination. Polymorphisms of mitochondrial DNA are 
especially useful in population genetics, mainly for 
the analysis of relationships between population 
groups [60] and population history: they do not ap- 
pear to be subject to selection pressures. Therefore 
comparison of maternally inherited mtDNA restric- 
tion patterns between population groups gives an un- 
biased picture of the population’s genetic history (see 
also Sect. 12.2.4). 
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12.1.3 Hereditary Diseases 

Dominant and X-Linked Recessive Diseases. Two sub- 
groups of dominant and X-linked hereditary diseases 
may conveniently be distinguished from the stand- 
point of population genetics: 

1. Those in which reproduction is impaired consider- 
ably - either because affected persons are so se- 
verely sick that they die early, or because they are 
so severely disabled that they have little chance to 
marry and have children. 

2. Those in which reproduction is not impaired - ei- 
ther because the abnormality is trivial or because 
it manifests only after reproduction has been com- 
pleted. 

In the first subgroup, that of disabling genetic dis- 
ease, the incidence and prevalence are determined 
mainly by the mutation rate: most mutations disap- 
pear after one or a few generations. This problem dis- 
cussed in Chap. 9; data on mutation rates for such 
conditions (Sect. 9.3; Tables 9.6, 9.7) indicate similar 
mutation rates in all populations for which evidence 
is available. The sources of selection against these 
mutations are disease specific and have been more 
or less identical in all populations; therefore the inci- 
dence is also similar. With different applications of 
successful treatments in different populations, vari- 
able incidences would be expected. For example, suc- 
cessful treatment of hemophilia would lead to an in- 
crease of affected patients. 

The situation is quite different for conditions that do 
not impair reproduction. Here the incidence may de- 
finitely be unequal between populations, depending 
on such factors as population size, history, and breed- 
ing structure. These problems are discussed in 
Sect. 13.3.1. 

Autosomal-Recessive Diseases. The various influences 
that have shaped the current frequencies of auto- 
somal-recessive diseases in human populations are 
largely unknown. How these frequencies will change 
under the influence of modern civilization therefore 
cannot be determined with certainty. The incidence 
of many autosomal-recessive diseases is unknown. 
Estimates for the incidence of several inborn errors 
of metabolism have recently been collected as a side 
effect of the widespread newborn screening programs 
designed to secure early diagnoses of treatable meta- 
bolic defects. 

Screening centers that participated in a study to estimate the 
frequency of phenylketonuria were invited by the organizer 
to cooperate on the basis of acceptability of their techniques 
and the number of newborns tested. They were requested to 
report only when at least 70 000 newborns had been 
screened. Centers that were aware of regional differences 
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a/b b/c c/d a/d 

Fig. 12.6. A DNA variant may be caused by different length of 
tandem repeat sequences, a, b, c, and d differ each by one re- 
peat segment so that (a) has six repeats and (d) has three. Ar- 
rows, the site of a restriction enzyme cut. The cut sites are 
not altered. However, the size of the DNA fragments varies 
depending upon the number of repeats. The smallest (d) var- 
iant moves faster, and the various DNA sizes can be distin- 
guished on the Southern blot by mobility differences. Hetero- 
zygotes for various combinations are shown diagrammatical- 
ly (a/b; b/c; etc.). (From Emery 1984 [35]) 



within the population under study were asked to give sepa- 
rate figures for each region or population group. The data 
are given in Table 12.4. 

Phenylketonuria (2616000) and Hyperphenylalaninemia 

a) Within Europe there is a higher incidence of PKU in the 
east than in the west or south. The difference between 
eastern and western Austria fits into this pattern. 

b) The Scandinavian populations, especially the Finns, show 
an exceptionally low PKU frequency. It is interesting that 
the Finnish population differs also in regard to other ge- 
netic aspects from the rest of the Europeans (Sect. 13.3.1); 
for example, a unique pattern of other inherited diseases 
unknown in other populations has been observed. 

c) High frequencies of PKU are found in the Republic of Ire- 
land; differences within the United Kingdom, such as a 
high frequency in the Manchester area, may reflect migra- 
tion from Ireland. 
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Table 12.4. Frequency of PKU and HPA in some populations 
(from Thalhammer 1975 [127]) 



Region 


PKU 


HPA 


Warsaw, Poland 


1 : 7782 


1 


16885 


Prague, Czech Republic 


1 : 6618 


1 


6303 


Eastern Germany 


I : 9329 


1 


52 135 


Eastern Austria 


1 : 8659 


1 


21982 


Western Austria 


1 : 13809 


1 


18809 


Switzerland 


1: 16644 


1 


24106 


Evian, France 


1 : 13715 


1 


13 143 


Hamburg 


1 : 9081 


1 


61297 


Munster, Germany 


1: 10934 


1 


7997 


Heidelberg, Germany 


1: 6178 


1 


14580 


Denmark 


1; 11897 


1 


40790 


Stockholm, Sweden 


1: 43226 


1 


22140 


Finland 


1 : 71111 


1 


71 111 


London, United Kingdom 


1: 18292 


1 


50304 


Liverpool, United Kingdom 


1: 10215 


1 


112362 


Manchester, United Kingdom 


1: 7707 


1 


80925 


Western Ireland (Eire) 


1: 7 924 


1 


68670 


Eastern Ireland (Eire) 


1: 5 343 


1 


32594 


Boston, Mass., U.S.A. 


1: 13914 


1 


17006 


Portland, Oregon, U.S.A. 


1 : 11620 


1 


33700 


Montreal, Canada 


1 : 69442 


? 




Auckland, New Zealand 


1: 18168 


1 


95 384 


Sydney, Australia 


1 : 9818 


1 


22 091 


Japan 


1 : 210851 


1 


70 284 


Ashkenazi (Israel) 


1 : 180000 


1 


15 000 


Non- Ashkenazi (Israel) 


1- 8649 


1 


7111 



d) In the United States, Boston and Portland, Oregon, fre- 
quencies are quite comparable to those in Europe. In 
Montreal, in the French-speaking part of Canada, there is 
a much lower frequency of PKU than in most European 
countries and the two centers in the United States, and a 
significantly lower rate than that found in France from 
where this population originated. 

e) In Japan, the only Far East country screened for inborn 
errors, the frequency of PKU is especially low, comparable 
only to the frequencies in Finland and among Ashkenazi 
Jews in Israel. 

f) The frequencies of hyperphenylalaninemia (HPA), a con- 
dition not associated with mental retardation, vary greatly 
and independently of those for PKU. Interestingly, PKU is 
more common in certain eastern parts of Germany than 
in the west. A study on the origin of families of PKU chil- 
dren in northwestern Germany showed that a higher pro- 
portion of these families than would be expected by 
chance were refugees from the east [42]. There appears 
to be a decline from the east to the (north-)west of conti- 
nental Europe. 

Other Conditions. The study also included galactosemia due 
to transferase deficiency (230400) (Sect. 7.2), histidinemia 
(235800), maple syrup urine disease (248600; Sect.7.2.2.4), 
and homocystinuria (236200; Sect. 7.2). 

For galactosemia, most centers - Hamburg, Vienna, Auck- 
land, Prague, Stockholm, Zurich - report frequencies be- 



tween about 1 : 30 000 and 1 : 65 000. Hence the incidence in 
most populations of European origin seems to be similar. 
There is a significant difference between eastern and western 
Austria. 

In the centers with the best screening conditions histidinemia 
has an incidence between 1 : 13 000 and 1 : 19 000. Homo- 
cystinuria, leucinosis, and - with the exception of Montreal 
- tyrosinosis (276700) are very rare, showing incidences be- 
tween about 1 : 100 000 and 1 : 600 000; in Montreal tyrosino- 
sis reached a frequency of about 1 : 13 000, which could be 
traced to a specific French-Canadian isolate. 

High Frequencies of Recessive Diseases in Special Po- 
pulations. A number of recessive diseases attain high 
frequencies in special population groups. Tyrosinosis 
in the French-Canadian population is mentioned 
above; others include Tay-Sachs (272800), Niemann- 
Pick (257200), and Gaucher diseases (230800) in the 
Ashkenazi Jewish population. In the Finnish popula- 
tion a number of such diseases show high frequencies 
as a consequence of a distinct population structure 
and history (Sect. 13.3.1). Some diseases have been 
found only in smaller population groups (isolates) 
where they became frequent while being more or 
less unknown in any other group. Others - such as 
thalassemia and sickle cell anemia - are frequent in 
certain geographic areas and in some racial groups. 
In general, recessive diseases unique to certain small 
populations owe their origin to genes which in the 
heterozygote state have no particular advantage, 
while genes causing more common and widespread 
diseases such as thalassemia and sickle cell anemia 
have had a heterozygote selective advantage in the 
past. Flowever, the occurrence of metabolically re- 
lated gene mutations in Ashkenazi Jews (Tay-Sachs, 
Gaucher, Niemann-Pick diseases) may suggest selec- 
tive factors in these instances. A full discussion is de- 
voted to these problems below (Sect. 13.3). 

DNA Haplotypes and Recessive Mutations. With the 
discovery and ubiquity of DNA polymorphisms it 
has become possible increasingly to characterize mu- 
tations not only by identifying the mutational site it- 
self within the gene, but also to determine the unique 
pattern of DNA variants around a mutant gene. DNA 
variants, which are found mostly in nontranscribed 
DNA sites, include nucleotide variation that causes 
RFLPs, VNTRs, and STRs (see above). The unique 
pattern of contiguous polymorphic DNA variants is 
designated as a haplotype, a term initially used for 
closely linked genes at the MHC locus. (Sect. 5.2.5). 
The use of this method for characterizing disease ori- 
gin and the history of genes is presented below using 
two examples: the phenylalanine hydroxylase (PHA) 
gene, whose mutations often lead to phenylketonuria 
(261600), and the cystic fibrosis (219700) (trans- 
membrane conductance regulator, CFTR) gene. 
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Population Genetics ofPHA gene [78]. PKU occurs in 
various populations with different frequencies (Ta- 
ble 12.4). The disease is caused by a variety of muta- 
tions within the PH A gene. The mutations have been 
identified, and the haplotypes within which they oc- 
cur have been described. Fig. 12.7 shows many of the 
alleles identified so far. In some instances hyperphe- 
nylalaninemia (HPA) is found without the classical 
symptoms. Table 12.5 shows the most important hap- 
lotypes compared to the same haplotypes in the gen- 
eral population. Since the sample sizes are generally 
small, some of the differences may not be biologically 
real. However, there are some striking findings. In 
eastern Asia, for example, haplotype 4 has been 
found almost exclusively, but haplotype 4 is common 
also in the normal population. Therefore no conclu- 
sions as to the origin of the mutation are possible. 
PKU is much rarer in Japan than in China, but the 
same haplotypes are found. The mutation was prob- 
ably introduced from China to the Japanese island. 
In Europe, on the other hand, haplotype 2 appears to 
be much more common than in the general popula- 
tion, especially in Slovakia, Hungary, and Italy. The 



high frequency of haplotype 6 in Italy and Turkey 
[80] is remarkable since this pattern appears to be in- 
frequent in the general European population. 

If a specific haplotype is associated with a certain 
mutation more frequently than in the general popula- 
tion, such linkage disequilibrium between the marker 
genes and the disease gene is usually explained as fol- 
lows: It is assumed that the mutation causing the dis- 
ease has occurred once within a chromosome carry- 
ing the particular haplotype, and that insufficient 
time has elapsed since the original mutational event 
to permit randomization or linkage equilibrium by 
repeated crossing over. With this assumption, a cer- 
tain haplotype would be expected almost always to 
be associated with a specific mutation. This appears 
to be true for mutant PHA alleles in German families 
and for haplotypes 1, 2, and 3. Haplotype 4, however, 
has been found with four different mutations. 

This “classical” interpretation seldom leads to contra- 
dictions for the PHA gene. If a mutant occurs occa- 
sionally with different haplotypes, this may be ex- 
plained either by crossing over within the haplotype 
after the mutation occurred or by repeated mutations 
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Fig. 12.7. Types of mutations 


in the phenylalanine hydroxylase (PHA) gene. (Modified from Romano 1983) 
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Fig. 12 . 8 . Frequency of the A 508 deletion of the cystic fibro- tage frequencies of the A 508 mutation. (Modified from Ro- 
sis gene in various European populations. Numbers, percen- meo and Devoto 1990 [ 111 ] 



at the same site, since it has been shown that point 
mutations (single base replacements) do not occur at 
random (Chap. 9), and mutational hot spots are well 
known. Moreover, the distribution of known mutants 
across the PHA gene appears definitely nonrandom 
(Fig. 12.7). 

Population Genetics of the CFTR Gene. Cystic Fibro- 
sis is the most common autosomal recessive disease 
in populations of northwestern European origin, 
with an incidence of approximately 1:2000 at birth 
(1:1700 Northern Ireland; 1:7700 northern Sweden 
[14, 111]. This means that heterozygotes for this gene 
are found with a frequency of 1:23. In other popula- 
tions, for example African-Americans, this condition 
is much rarer. Analysis of mutations has given a pic- 
ture that is quite different from that of the PHA 
gene: almost two-thirds of all mutants in northwes- 
tern Europe have been found to carry one specific 
mutation: a deletion of three base pairs at code posi- 
tion 508 (ZI508). Figure 12.8 shows the distribution of 
the ZI508 mutation in the European population. 
Many other mutations, mainly single base replace- 
ments, have also been described; a total of over 
300 different mutations are known. Four haplotypes 
have been defined using two unique DNA sequences 
located in the 5' extragenic region. These are defined 
as follows: 



Table 12 . 6 . Haplotypes in 23 European populations 

General A508 mutation Other mutants 

population 





n 


% 


n 


% 


n 


% 


A 


1221 


34.5 


63 


1.8 


275 


18.8 


B 


581 


16.4 


3156 


92.5 


713 


48.8 


C 


1297 


36.6 


23 


0.7 


314 


21.5 


D 


440 


12.4 


167 


4.9 


158 


10.8 



- Haplotype A: ZU2C absent, KM19 absent 

- Haplotype B: ZU2C absent, KM19 present 

- Haplotype C: ZU2C present, KM19 absent 

- Haplotype D: ZU2C present, KM19 present 

The distribution of these haplotypes in the common 
ZI508 mutants in the general population differs sub- 
stantially; the great majority of mutants are found 
in haplotype B (Table 12.6). Haplotype B is found in 
more than 90% of cystic fibrosis mutations while 
only 16.4% have this haplotype in the general popu- 
lation. This strongly suggests a single origin of the 
mutation: the small minority of ZI508 mutants in 
other haplotypes can be explained by crossing over 

- especially since both restriction sites of this haplo- 
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type are located at least 200 kb away from the gene 
[128]. A further noteworthy result is that numerous 
other mutants are also more common in the B haplo- 
type than in the general population (48.8% vs. 
16.4%). Such a massive increase in a single mutation 
such as ZI508 in a relatively large area points strongly 
to a selective advantage under the living conditions 
in northwestern Europe in earlier times. Thus, since 
other cystic fibrosis mutations are also found fre- 
quently at the identical haplotype, it is most prob- 
able that the common haplotype somehow causes 
this advantage. Homozygotes, however, can never 
have had such a selective advantage; they are chroni- 
cally ill and until recently usually died before the age 
of reproduction. Therefore the advantage must be 
confined largely to heterozygotes of a population 
subgroup carrying haplotype B. To understand this 
requires an excursion into theoretical population ge- 
netics and a discussion of natural selection. 



12.2 Systematic Changes 
in Gene Frequencies: 

Mutation and Selection 

Gene frequencies remain unchanged in populations 
only in the absence of disturbing influences (see 
Hardy- Weinberg equilibrium. Sect. 4.2) The most im- 
portant of these influences are: 

a) New mutation 

b) Natural selection 

c) Migration 

d) Chance fluctuations. 

Spontaneous and induced mutations in humans are 
dealt with in Chaps. 9 and 11; these aspects are exten- 
ded below in the context of other influences. Selec- 
tion, however, is dealt with in detail. Another source 
of deviation from the Hardy- Weinberg equilibrium is 
assortative mating. A discussion of consanguinity 
and chance fluctuation of gene frequencies leads to a 
more general consideration of the breeding structure 
of human populations and sets the stage for a better 
understanding of human evolution (Chap. 13). 

12.2.1 Natural Selection 

Natural selection was recognized by Darwin as the 
main driving force of evolution. His evolutionary the- 
ory, which is based largely on the understanding of 
selection and its consequences for the origin of spe- 
cies, became the leading paradigm of biology in the 
nineteenth century. The concept of biological “fit- 
ness” is central for understanding this paradigm. In 



the early twentieth century, selection theory was 
given a sound mathematical foundation, and a num- 
ber of empirical examples were analyzed. 

72.2.7.7 Mathematical Selection Models: 

Darwinian Fitness 

Scope of Mathematical Models in Selection Theory 
and Their Limitations [77]. In discussing selection 
we shall use mathematical models on a fairly large 
scale. These models make a number of assumptions 
for some parameters, for example, gene frequencies 
and selective advantages or disadvantages of special 
genotypes. The consequences of these assumptions 
for the direction and extent of changes in gene fre- 
quencies over time are examined below. Such models 
help to understand the consequences of certain chan- 
ges in these parameters by creating some order in the 
vast and initially unintelligible complexity of genetic 
differences among human populations. 

Such order may be artificial: certain aspects are sin- 
gled out, while others are deliberately neglected. 
While the calculations become tractable, major errors 
may result. The most important oversimplifications 
are the following: 

a) The population is considered to be infinitely large 
in size. Gene frequency thus remains constant in 
the absence of other factors. No real population 
is infinitely large; on the contrary, many human 
breeding populations were very small throughout 
the long time periods most important for human 
evolution. Therefore all results derived from selec- 
tion models must be scrutinized critically in the 
light of the theory of small populations 
(Sect. 13.3) and our knowledge of human popula- 
tion size and mating structure. Unfortunately, 
this knowledge is relatively scanty, especially for 
earlier times. Conclusions in concrete cases are 
thus difficult if not impossible. 

b) As a rule, selective advantages or disadvantages 
are assumed to be constant over long evolutionary 
periods. Closer scrutiny of their biological me- 
chanisms, however, often show that they may 
have changed even within relatively short periods. 

Deterministic and Stochastic Models: Use of Compu- 
ters. The various limitations apply mainly to models 
that assume a functional relationship between pa- 
rameters. For example, the change in gene frequency 
through generations is assumed to depend upon a 
certain mode of selection: The model is “determinis- 
tic.” In reality, however, all parameters - gene fre- 
quencies, selection pressures, mutation rates - show 
chance fluctuations because population size is not in- 
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finite. The available of computers made it possible to 
include chance fluctuation in the calculations, there- 
by creating stochastic models. The change in gene 
frequency over the generations can now be simulated 
assuming a certain population size. The curve show- 
ing, for example, the change in gene frequencies 
over time does not give the “ideal” outcome but only 
one of many possible outcomes; it is not even known 
whether a certain curve is a very likely one. Therefore 
a single calculation for a certain set of parameters is 
not sufficient to obtain an unbiased impression of 
the consequences of certain assumptions; the same 
calculation must be repeated several times. Such a 
method provides better information than a determi- 
nistic model; in addition to the main trend, possible 
deviations from this trend caused by chance fluctua- 
tions can be demonstrated. The following section 
makes use principally of deterministic models, but 
stochastic models are occasionally also considered. 

How Should Models Be Used in Practice? Oversimpli- 
fications are necessary in all models, deterministic 
or stochastic, for recognition of the general laws of 
natural selection. In each concrete case, however, the 
fact that they are oversimplifications should be kept 
in mind. While the consequences inferred from such 
models are formally correct, the possibility that they 
derive from aspects of the model that have no coun- 
terpart in the real world is often not considered. 
Much of human population genetics suffers from too 
uncritical interpretations of formal results deduced 
from oversimplified models. 

The ideal sequence of events would be that: 

a) A certain genetic situation requires theoretical ex- 
planation for its existence. 

b) A hypothesis is formulated, and a relatively simple 
model is constructed that includes the main pa- 
rameter(s) of the hypothesis. 

c) The consequences of this model for changes in 
gene and genotype frequencies over time or for 
differences among present populations are ex- 
plored. 

d) The result of this exploration is compared with 
the empirical evidence. 

e) Discrepancies between the theoretically expected 
and the empirically observed results are noted. 
Critical interpretation may lead to rejection of 
the hypothesis, change in assumptions regarding 
important parameters, or refinement of the model. 

The recognition that a concrete problem requires clo- 
ser scrutiny may accompany the acquisition of fur- 
ther knowledge, as problems are not isolated but are 
parts of the whole context of a special field. This con- 
text may change; a problem formerly regarded as 
holding a key position may become less important. 



and a model designed to solve this problem, while 
not formally shown to be inadequate, may turn out 
to have trivial or unrealistic consequences. Addition- 
al biological data often throw new light on a problem, 
making new theoretical assessments necessary. 

We recognize that the ideal sequence of events in the 
study of problems in population genetics is often im- 
possible because of technical and logistic limitations. 
We would like to stress, however, that we consider hy- 
pothesis-oriented efforts in population genetics to be 
ultimately of greater explanatory power for under- 
standing population genetics than descriptive studies 
even if embellished by the most advanced and elegant 
molecular and statistical methods. 

Concept of Darwinian Fitness. The central concept of 
selection theory is Darwinian fitness. Under given 
environmental conditions, not all individuals in the 
population perform equally well. These differences 
are caused partially by different genetic endowment 
of the individuals. This obviously has many medical, 
social, and ethical aspects. In its effect on natural se- 
lection, however, only one aspect is relevant: different 
reproduction rates of individuals with different geno- 
types. Only reproductive differences can lead to a 
shift in gene frequencies over time, if population 
size is regarded as unlimited so that chance devia- 
tions can be neglected. This reproductive perfor- 
mance of a certain genotype in comparison with a 
norm is often called its Darwinian, or biological fit- 
ness. This notion of fitness can also be defined for a 
single allele if it influences the reproduction of its 
carrier. Fitness of a certain genotype may be reduced 
or enhanced in two different ways: 

1. The genetic constitution reduces the chance of a 
genotype to survive into reproductive age. This re- 
duction in viability is frequent in hereditary dis- 
eases. 

2. The genetic constitution reduces the chance of a 
genotype to produce offspring, i.e., fertility is di- 
minished. 

From the point of view of population genetics, there 
is no difference between a gene that causes sponta- 
neous miscarriage and one that causes sterility in an 
otherwise healthy person. Medically and socially, of 
course, there are considerable differences between 
the impact of these two genes. 

72 . 2 . 7.2 Selection Leading to Changes 

in Gene Frequencies in One Direction 

Symbols Used. Fitness of a genotype is defined as its 
efficiency in producing offspring. It is measured not 
in absolute but in relative units, the fitness of the op- 
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timum genotype being taken as unity (i). Deviations 
from unity are denoted as s. For example, for a geno- 
type having 8o% fitness of the optimum genotype, 
s = 0.2; this fitness is: 1 - s = 1 - 0.2 = 0.8. To avoid 
confusion with the signs, it is sometimes desirable 
to have a direct measure for the fitness 1 - s = w. In 
the literature s is sometimes defined with respect to 
the average, not to the optimum fitness of the 
population, w. This convention has disadvantages 
since the fitness of a genotype varies with the geno- 
type distribution in the population. We therefore de- 
fine fitness with respect to an “optimum” geno- 
type. 

Elimination of Heterozygous ''Dominant” Phenotypes. 
This case is frequent and simple: a mutation changes 
the phenotype of its carrier so thoroughly as to 
make reproduction impossible. All numerical and 
most structural chromosome aberrations and many 
single gene mutations (Sect. 9.3) have this effect. 
Whereas chromosome aberrations can be diagnosed 
directly, dominant new mutations can be definitely 
recognized only by transmission of the condition to 
the offspring. Hence, nonreproductive dominant mu- 
tations are in principle unrecognizable. Still, extra- 
polation from a very few individuals who manage 
to reproduce, or a paternal age effect suggestive of 
a dominant mutation may make such mutation plau- 
sible even for anomalies preventing their carriers 
from reproduction. Studies at the gene - DNA level 
may confirm this assumption. Some diseases and 
birth defects may in fact be caused by such domi- 
nant mutations that have not been recognized so 
far. 

Partial Elimination of Autosomal Dominants. Most 
dominant diseases reduce the average reproduction 
of their bearers. In the absence of counteracting for- 
ces, such as mutation, such gene loss would lead to 
reduction in gene frequencies in every generation by 
a fraction which depends on the selective disadvan- 
tage of the probands (Fig. 12.9). A genetic equilibrium 
between new mutation and selection, either at pre- 
sent or in the past, can be assumed in almost every 
case. Let p be the frequency of the dominant allele 
A; q the frequency of the recessive normal allele a. Se- 
lection may be appreciable, and the mutation rate, //, 
may be low. Then, affected homozygotes AA can be 
neglected, as p^ is very small. The genotype frequen- 
cies are seen in Table 12.7.: 

The loss of Aa individuals per generation is approxi- 
mately 2p5. Since only half of the genes are A, the 
loss of A genes is ^ (ips) = ps. A genetic equilibrium 
exists if this loss is compensated for by mutation: 

ps = ju{l -p)^ju 




Fig. 12.9. Decrease in the gene frequency of a dominant gene 
in absence of new mutations with s = 1 and s = 0.5; s, selec- 
tion coefficient 



Table 12.7. Selection and dominance 



Genotype 


Fitness 


Before 


After 
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selection 




1( “ 11^22) 


q^^l- 2 p 


1 - 2 p 
1 - 2 ps 


Aa 


1 - S( = W;,) 


2 pq ^ 2 p 


1 1 



This gives the equilibrium frequency of p: 
p=ju/s (12.1) 

Two limiting cases are interesting: 

1. No reproduction of Aa heterozygotes or AA homo- 
zygotes occurs, i. e., 5 = 1, = o; in concordance 

with our conclusion from the last section, the fre- 
quency of the dominant allele (p) equals the muta- 
tion rate (ju). 

2. No selective disadvantage of the gene applies (i. e., 
s = o, W21 = 1). Under such conditions there is no 
equilibrium, and the gene frequency of the domi- 
nant allele increases slowly and monotonically, as 
new mutations occur: ju/s 00, 

3. Finally, an intermediary case with some disadvan- 
tage of the dominant gene, e. g., s = 1/3, 

the final gene frequency of the dominant gene (p) 
is three times the mutation rate. 

Most pathological conditions have an appreciable se- 
lective disadvantage. Their population frequency is 
maintained by an equilibrium between mutation and 
selection. Here the prime mover is of course the mu- 
tation rate. The frequency of the condition increases 
until there are so many affected individuals that their 
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selective disadvantage balances the mutation rate in- 
crease and a genetic equilibrium is reached. This 
equilibrium is stable: If the number of affected indivi- 
duals rises above the equilibrium value, the number 
of losses of the disadvantageous allele by selection 
exceeds the number of its production by mutation, 
and its frequency is reduced in the next generation. 
On the other hand, if the number of affected indivi- 
duals falls below the equilibrium value, more disad- 
vantageous genes are produced by mutation than 
lost by selection, and the gene frequency increases 
until equilibrium is reached again. 

Selection Relaxation. Equation (12.1) can be used to calculate 
the consequence of selection relaxation: Assume that medical 
therapy, by eliminating some of the phenotypic consequences 
of a dominant mutation, succeeds in reducing the selective 
disadvantage of the allele from: 

Sj = 1/2 to S2 = 1/4. 

Let p2 be the equilibrium value for S2. Then Eq. (12.1) gives: 



A = ^ = p2 = ^ = 4 /<; p2 = 2pi 



Therefore the new frequency is twice the earlier frequency. 
Moreover, the new equilibrium is reached within only a few 
generations. 



Selection Relaxation in Retinoblastoma. Retinoblastoma is a 
malignant eye tumor of young children. The great majority 
of cases are sporadic. However, familial cases are frequent 
and show autosomal-dominant inheritance with about 90% 
penetrance. All bilateral but only about 10 %-i2% of unilater- 
al sporadic cases are new mutations (See Sect. 10.4.3). 

In earlier times retinoblastoma was almost always fatal; the 
patients died during childhood, and none could ever repro- 
duce. In 1865 A.v.Graefe introduced the enucleation of the 
diseased eye; more recently, additional therapeutic methods 
such as X-ray irradiation and light coagulation have become 
available, and currently about 90% of unilateral and 80% of 
bilateral cases can be cured, and the patients can have chil- 
dren [132]. Of all new mutations in hereditary cases 68% are 
bilateral and 32% are unilateral, as shown by population stu- 
dies. The changes in frequency of the condition can be pre- 
dicted as follows: 

Let Xq be the frequency of individuals in the population with 
hereditary retinoblastoma. Since the condition is very rare, 
the gene frequency of the normal allele may be assumed to 
be q~i; therefore, is nearly equal to the frequency of het- 
erozygotes (2pq ^ 2p). Let s^ = 1 before selection relcixation. 
After introduction of efficient therapy the selection against 
unilateral cases becomes Sy = 0.1 (only 10% of unilateral 
cases die in childhood; 90% survive to reproduce normally); 
selection against bilateral cases becomes Sg = 0.2 (80% sur- 
vive to reproduce normally). Subscripts u and b refer to uni- 
lateral and bilateral cases respectively. This leads to the fol- 
lowing overall estimate for S2 (= remaining selection against 
the retinoblastoma allele after selection relaxation): 

S 2 = Su X 0.32 + Sg X 0.68 
= 0.1x0.32 + 0.2x0.68 
= 0.168 



The new selection coefficient after selection relaxation is 
16.8% of the coefficient prior to selection relaxation when s 
is 1. The frequency of heterozygotes in the nth generation, 
can be related to that in the (n + i)th generation, 

X„ + j, by the approximate formula: 

x„^, = X„ (1 - S 2 ) + 2// = X„ (1 - S 2 ) + Xq 

From this recurrence formula, a general formula for X„ can 
be derived: 



= XJ1 + (1 - S2) + (1-82)^ + . . . + (1 - S2)"] 

Thus, the new equilibrium value for the heterozygote 
frequency, X, is the sum of a geometric series with the initial 
term X^ = 2// and the factor 1 — s^: 



X = - 



1 - (1 - S2) 



, ^0 . 
0.16s 



This result can also be obtained from Eq. 12.1. It follows that 
inherited retinoblastoma will be about six times more com- 
mon several generations after successful medical therapy is 
introduced. Introducing actual estimates from present popu- 
lations (see Tables 9.6, 9.7), X^ = 2fx = 1.2 x lo"^: 



1.2 X 10'^ 
0.16s 



= 7.14 X 10-^ 



From this value the overall frequency of all retinoblastoma 
cases - including the nonhereditary ones - can be estimated 
when the fraction of hereditary cases among all retinoblasto- 
ma cases in the population before selection relaxation is 
known. The overall incidence of retinoblastoma is -4 x lo"^; 
it follows that -2.8 x lo"^ are nonhereditary cases. From this 
an incidence estimate at equilibrium after selection relaxa- 
tion can be derived: 



7.14 X 10-5 + 2.8 X 10-5 ^ 9 94 X jq-5 



This means that incidence increases from ~i : 25 000 
to ~i : 10 000, i. e., by -150%. Moreover, while before 
selection relaxation -30% of all cases are hereditary, 
-72% are hereditary in the new equilibrium state. 
This equilibrium is established relatively quickly 
(Fig. 12.10): After nine generations the incidence of 
hereditary retinoblastoma is more than four times 
the value before selection relaxation (equilibrium: 
X = 5.95X0). Figure 12.10 also gives calculations for 
two alternative assumptions: s^ = 0.4; and s^ = o, i. e., 
no selection. In the latter case incidence increases in 
a linear fashion; there is no equilibrium. There is 
some hope that the prediction given here does not 
come true; artificial selection by genetic counseling 
followed by voluntary birth control on the part of 
gene carriers will partially replace natural selection. 



Selection by Complete Elimination of Homozygotes. In 
many autosomal-recessive diseases the homozygotes 
usually do not reproduce. Again, two alleles A, a 
with gene frequencies p, q are considered. This time, 
however, the homozygotes aa have a selective dis- 
advantage: 

s = 1; W22 = 0 
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Fig. 12.10. Predicted increase in retinoblastoma in the po- 
pulation due to selection relaxation. Ordinate: i, incidence 
of hereditary retinoblastoma (• — •; 2 x mutation rate); 2, 
3, 4, 5 . . . etc., incidence of all retinoblastoma cases, her- 
editary and non-hereditary, in relation to hereditary reti- 
noblastoma (0 -0). 100% mortality before beginning of 
selection relaxation is assumed. Abscissa: number of gen- 
erations. Three assumptions regarding the selection coeffi- 
cient s; no selection at all (5 = 0), weak selection (s = 0.168), 
and strong selection (s = 0.4). (From Vogel 1979 [132]) 



The frequencies of zygotes are seen in Table 12.8. In 
general, the gene frequencies in two successive gen- 
erations n and n + 1 are related by: 



+ 1 



1 + q, 



( 12 . 2 ) 



This formula reflects the recurrence relation between 
successive partial sums ( = sum of the first n terms) 
of a harmonic series.' It leads to the general formula 
for the gene frequency q„ after n generations: 



qn = 



^0 

1 + nq^ 



(12.3) 



^ A harmonic series is one whose successive partial sums are 
the reciprocals of those of an arithmetic series: 



' b' ' b + k'^ 



b + 2k 



, etc. 



In this special case, b = 1, c = k = 



The change of gene frequency per generation is: 






1 + 




(12.4) 



It follows from Eq. (12.3) that = qji, if nq^ = 1. 
Hence, the gene frequency is halved within n = ^/q^ 
generations. 

An important practical application is considered: if 
all homozygotes of the most common recessive dis- 
ease - cystic fibrosis - refrain from reproduction, 
how would this affect the gene frequency? 



Table 12.8. Selection s = 1 against homozygotes 



AA Aa 



Gene 
frequency 
of a 



Before 

selection 



2 pq 



After 

selection 



+ 2pq + 2pq 



0 






_L 

1 +q 



The gene frequency is q^ = 0.02, corresponding to a 
homozygote frequency in a random mating popula- 
tion of ql = 0.0004. Of 10 000 individuals 4 are affec- 
ted. 

After n = 1/0.02 = 50 generations, q^ is reduced from 
0.02 to 0.01. Assuming a generation time of 30 years, 
this halving of the gene frequency requires 
1500 years. With rarer diseases such as galactosemia, 
q^ = 0.005, q^ = i: 40 000; halving would require 
200 generations, or 6000 years. 

Hence, the attempt to reduce the number of recessive 
genes by homozygotes refraining from reproduction 
is an extremely inefficient process. Moreover, new 
mutations are not even considered in this calculation. 

Partial Elimination of Homozygotes. In some reces- 
sive diseases the homozygotes are not completely un- 
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able to reproduce, but there is significantly reduced 
biological fitness. Let their reproduction be reduced 
by s (i>s>o). Gene frequencies before and after selec- 
tion may be taken from Table 12.9. This gives the fol- 
lowing frequency of the recessive allele in the next 
generation: 

£i±i(l^,a(izLi|) ,12.5, 

1 - sq^ 1 - sq^ 



Table 12 . 9 . Partial elimination of homozygotes 





AA 


Aa 


aa 


Total 


Before selection 


P" 


2pq 




1 


Fitness 


1 


1 


1-5 




After selection 


P' 


2pq 


qHl-s] 


1 



The formula for the relationship between the fre- 
quencies of the recessive allele in two successive gen- 
erations is: 



_ _ <?«(! - sq„) 

1-sql 

This recurrence formula seems to have no general so- 
lution. The change per generation is: 



^n+i 



-^n = - 



- (In) 

1 



thus depends on the values of both q^ and 
= 1 - It is small if one of these terms is small. 
For example, the following values can be calculated 
for s = 0.2: 



q: 0.99 0.50 0.01 

ls.q: -0.00244 -0.0263 -0.0000198 

With very small qy A q approximated - sq^. 



A Bit of Calculus. To determine the change in q over a greater 
number of generations, Aq can be replaced by: 



Integrating both sides over n generations, we obtain: 



dp 



I 






j dt = - sn 



sn = 



^ + loge 
A 







^0 




-loge 



i ^ = io ^ 

^0 



+ l0ge 



^ 0(1 - ^ n ) 
^ 0(1 - ^ n ) 



Calculations for number of generations (n) needed to 
produce a certain change in q (s = 0.01 against the 
homozygotes) shows the following: 



Artificial selection against homozygotes of an autoso- 
mal recessive gene would therefore need an enor- 
mous time span to have a measurable effect. In the 
meantime, other events may have occurred to disturb 
the genetic composition of the population much 
more. 

Gametic Selection. In the above, selection is assumed 
to act on the zygote. However, the gametes may al- 
ready be affected. Because of their genetic make-up 
some gametes may have a lower chance for fertiliza- 
tion than others. 

A mutation of any kind which affects the probability 
of fertilization results in a distortion of the segrega- 
tion ratio for that mutation. For human conditions 
conformity with Mendelian segregation ratios is 
usually taken for granted. Since large samples would 
be required to show small deviations from Mendelian 
proportions, such a shift in the segregation ratio 
could easily be overlooked. However, gross deviations 
are unlikely. 

For gametes containing balanced and unbalanced 
translocations, segregation distortion is beyond any 
doubt, although the exact mechanism remains to be 
elucidated (Sect. 2.2.2). If the relative contributions of 
gametes A and a to the following generation are 1 and 
(1 — s), and their frequencies arep and q, their contri- 
bution to the next generation will be p and q (1 — s), 
respectively. Hence, the change per generation is: 

^ -sq{l-q) 

I - sq I - sp 

Selection against gametes is nearly identical formally 
with selection against homozygotes and intermediary 
heterozygotes (Table 12.10). 



Decrease in q 
0.9999-0.9990 
0.9990-0.9900 
0.9900-0.5000 
0.5000-0.0200 
0 . 0200 - 0.0100 
0 . 0100 - 0.0010 
0 . 0010 - 0.0001 



n generations 
230 
232 
559 
5,189 
5,070 
90231 
900230 



Table 12 . 10 . Selection 2 s against homozygotes and s against 
heterozygotes 
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12.2.1.3 Selection Leading to a Genetic Equilibrium 

Above, only those models of selection are discussed 
that lead to an increase in the frequency of one allele 
at the expense of the other. An equilibrium, and hence 
a steady state of gene frequencies over generations, 
could be achieved only by introduction of an external 
force - mutation. However, there are modes of selec- 
tion that in themselves lead to an equilibrium. A stea- 
dy state with no systematic changes in gene frequen- 
cies may be created if selection favors heterozygotes. 

Selection in Favor of Heterozygotes with Selective Dis- 
advantage of Both Homozygotes. The biological basis 
of this model - heterosis - has been known in experi- 
mental genetics for a long time. It has led both to the- 
oretical discussions and to many practical applica- 
tions in plant breeding, most notably of corn [25, 32, 
116, 117]. Heterosis, or hybrid vigor, means the super- 
iority of heterozygous genotypes with respect to one 
or more characters in comparison with the corre- 
sponding homozygotes. 

Heterozygote Advantage: Formal Consequences. Table 
12.11 shows the genotypes before and after selection 



(Sj, s^: selection against the phenotypes AA and aa). 
Using the relationship pq + q^ = q, we obtain the 
change from one generation to the next: 

_ (j- _ pqjhp - hcj) 

1 - Sip2 _ 1 - s^f - s^q^ 

Figure 12.11 shows the relation for various values of q 
and and for = 0.15, = 0.35; Dq may be positive 

or negative, depending on whether sj) is larger or 
smaller than s^q. If sj> = s^q, Dq = 0. Solving for p or 
q gives the following equilibrium values: 



These equilibrium values depend only on and 5^; 
they are independent of the gene frequencies at the 
onset of selection. Moreover, the equilibrium is 
stable; Aq is positive if q<q; it is negative if q>q. If 
disturbed by accidental influences, the equilibrium 
tends to reestablish itself. 

The leading paradigm for heterozygote advantage in 
humans is a selective mechanism that has caused the 
high frequency of the sickle cell gene in some human 
populations. This is described in more detail in 
Sect. 12.2.1.6. 



Table 12.11 


Selection 


in favor of heterozygotes 




AA 


Aa 


aa Total 


Before 

selection 




2 pq 


1 


Fitness 


l-^i 


1 


1 ” S2 


After 

selection 


p^Cl - 


Si) 2 pq 





CtlS 



a 30 



0.50 

q 



12.2.1.4 Selection Leading to an Unstable Equilibrium 

Selection Against Heterozygotes. A stable equilibrium 
may be established in the population if selection fa- 
vors heterozygotes at the expense of the homozy- 
gotes. However, selection may also favor the homozy- 
gotes at the expense of the heterozygotes. 

Let 1, i-s, 1 be the fitness of AA, Aa, and aa, respec- 
tively. The change in gene frequencies is seen in 




10 



Fig. 12.11. The change in gene frequency Aq for various va- 
lues of q, and for arbitrary selective disadvantages, = 0.15 
and S2 = 0.35. and 5^ denote the selective disadvantages of 
the two homozygotes in comparison with the heterozygote. 
(Li 1955 [100] ) Let us assume a pair of alleles a^, a^; the gene 



frequency of a^ may be p and that of a^ q. If q = 0.1, this value 
tends to increase in the following generations (Aq has a posi- 
tive value). If q = 0.4, however, this value decreases (A q is 
negative). If q = 0.3, there is neither increase nor decrease 
(zlq = 0; equilibrium point) 
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Table 12.12. Selection against heterozygotes 





AA 


Aa 


aa 


Total 


Before 

selection 


P" 


2 pq 




1 


Fitness 


1 


1 - J 


1 




After 

selection 


P' 


2 p 9 (l -s) 




1 “ 2 spq 



This leads to: 

, _ pq{l - s) + _ q-spq 

^ 1 — 2 spq 1 — 2 spq 

if s is small. Figure 12.11 shows Aq in dependence 
of q. 

If ^ = illy Aq = 0. This means that there is a genetic 
equilibrium, but that this equilibrium is unstable. If 
q becomes higher than 1/2, Aq is positive. The gene 
frequency tends toward 1. If q is shifted below 1/2, 
on the other hand, Aq becomes negative: q tends to- 
ward 0. An unstable equilibrium alone cannot main- 
tain a polymorphism in the population; even in the 
artificial case of two populations homozygous for 
two different alleles mixing in equal proportions, 
small shifts in gene frequencies by chance fluctuation 
would soon destroy the equilibrium state, causing 
the gene frequency to move either toward 1 or to- 
ward 0. 

Still, such an unlikely event appears to have hap- 
pened. In humans, two situations are known in which 
the only selective factor that can be analyzed so far is 
selection against heterozygotes. In one of these situa- 
tions, the rhesus system (111700), allelic frequencies 
conform to our definition of polymorphism. In peri- 
centric inversions, heterozygotes have also been 
found in polymorphic frequencies, and homozygotes 
have occasionally been observed. 

Pericentric Inversions. In a heterozygote for a pericentric in- 
version, pairing of homologous chromosomes during meiosis 
may not proceed properly. The resulting unbalanced gametes 
may either be eliminated before fertilization or form lethal 
zygotes. On the other hand, no meiotic disturbance is ex- 
pected in homozygotes; here, pairing of homologs proceeds 
properly. A high incidence of reproductive wastage has in- 
deed been observed in the progeny of cases with some peri- 
centric inversions [65]; adequate population genetic studies 
are lacking. They are needed particularly, as pericentric in- 
versions have played a major role in human evolution, appar- 
ently providing a powerful mechanism for reproductive iso- 
lation. Pericentric inversions do not affect the health status 
of their heterozygous carriers but impair their reproductive 
capacity. This is a classic - and possibly the best - example 



Table 12.13. Mating types and classes of progeny against 



which selection 
areas) 


due to Rh 


incompatibility works (white 


Fathers^ 
i Mothers 


DD p^ 


Ddlpq 


dd q^ 


DD 


p' DD 


p^q DD 
p^q Dd 


p^q^ Dd 


Dd 2 pq 


p^q DD 
p^q Dd 


p^q^ DD 
Ip^q^ Dd 
p^q^ dd 


pq^ Dd 
p(}^ dd 


dd 


p^q^ Dd 


pq^ Dd 
pq^ dd 


q^ dd 



of fertility influencing fitness, without any viability compo- 
nent. This may be the reason for its significance in evolution, 
especially speciation (Sect. 14.2.1). 

Selection Against Rh Heterozygotes. The unstable 
equilibrium in selection against heterozygotes was 
first discovered by Haldane (1942) [50] for the special 
case of serological mother-child incompatibility in 
the Rh factor. This situation is slightly more compli- 
cated than that considered for pericentric inversions. 
The danger of erythroblastosis and therefore of selec- 
tion against heterozygous children occurs if an Rh- 
negative mother bears an Rh positive child. The Rh 
loci have a complex structure with two closely linked 
genes (Sect. 5.2.4). To understand the principle of se- 
lection, however, we need only consider the genes D 
(positive) and d (negative); this reduces the problem 
to that of a simple diallelic system. Erythroblastosis 
children occur in matings dd9 x DD d or 
dd 9 X Ddd. Table 12.13 lists the mating types; the en- 
dangered children, against whom selection works, are 
indicated by shading. Combining all mating types 
leads to the formula for the change in the frequency 
of D: 



Aq = 



P - - ^2pq) 

1 - q^s^p^ + S2pq) 



-P = 



pip - \Wjsip - hq) 

1 - pq^Sip + S2q) 



( 12 . 8 ) 



Here, equals selection against children with dd 
mothers and DD fathers; equals selection against 
heterozygous children of dd mothers and Dd fathers. 
As the risk of immunization increases with the num- 
ber of Dd children, it is lower when the father is Dd, 
because on the average only every second child will 
cause maternal immunization, whereas every child 
of a DD father is heterozygous and may immunize 
its mother; hence s^<s^. 

It can easily be shown that Ap = p' — p = 0 if and only 
if p = ill. This means that Eq. (12.8) has the same 
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equilibrium point as Eq. (12.7). Again, the equilibrium 
is unstable. 

In current western European populations d has a 
gene frequency q = 0.35. It follows that its frequency 
will decrease, unless other selective mechanisms 
counteract this tendency. How rapidly will this de- 
crease proceed? Figure 12.11 shows Ap for several gen- 
erations with two assumptions on the initial gene fre- 
quencies p for D and q for d, and selection coeffi- 
cients Sj and in the range actually observed in hu- 
mans. The number of affected children varied with 
the average number of pregnancies before prophylac- 
tic therapy of women at risk with anti-D antiserum 
was introduced [1803]. Erythroblastosis in about 5% 
of all Dd children of dd mothers is a reasonable esti- 
mate. Earlier, when women had more pregnancies, 
this figure must have been somewhat higher. 

Figure 12.13 shows that the change in gene frequen- 
cies under these conditions proceeds very slowly, the 
reason being that not all heterozygotes are subject to 
selection (Table 12.13). This may explain why the Rh 
polymorphism still exists. Other, still unknown 
modes of selection, even if only very minor, may 




Fig. 12.12. Change in gene frequency Aq. Selection 5 = 0.50 
against the heterozygotes. Aqis negative if q< q and positive 
ifq>q. (From Li 1955 [77]) 



have upset selection against heterozygotes. Random 
mating may not have been proceeding long enough 
for selection against heterozygotes to work, since the 
time when chance fluctuations in human populations 
consisting of small and relatively isolated subgroups 
created huge between-group differences in gene fre- 
quencies (Sect. 13.3.1). A full explanation of the popu- 
lation genetics of the Rh polymorphism remains an 
enigma in view of the high frequency of Rh system 
alleles D or d in so many populations. Conceivably, 
other not yet understood functions of this system 
were involved in selection. 



ABO Blood Group System. Serological mother-child 
incompatibility also occurs in the ABO blood group 
system. On average, erythroblastosis is milder than 
with Rh incompatibility. However, ABO incompatibil- 
ity may also lead to increase in the number of sponta- 
neous miscarriages, although the evidence is contro- 
versial [131]. Selection seems to work mainly against 
AO and BO children of 0 mothers. Recurrent equa- 
tions can be derived in the same way that was shown 
above for the two-allele case of the Rh system - with 
the difference that selection is identical against het- 
erozygous children of either homozygous or hetero- 
zygous fathers, since, unlike in Rh immunization, 
the first incompatible child may already be damaged 
[109]. The following formula describes the change in 
gene frequency for allele A: 



^ 1 - sr^(l — r) ^ 1 - sr^(l - r) 



(12.9) 



An analogous formula can be derived for Aq, the 
change in frequency for allele B. The formula for Ar, 
the change in frequency of allele 0, is slightly differ- 
ent: 



_r-^r^(l-r) _ sr^(l - r)(r - ^) 

^ 1 - sr^(l - r) ^ ~ 1 - sr^(l - r) 



( 12 . 10 ) 




0 az 0.4 0.5 0.6 0.8 1.0 



q 



Fig. 12.13. Unstable equilibrium at 
p = ^ = 0.5 in the special case of mother- 
child incompatibility (Rhesus factor); se- 
lection Sj = 0.05 for heterozygous chil- 
dren of homozygous DD fathers and se- 
lection 5^ = i/2Sj, for heterozygous chil- 
dren of heterozygous Dd fathers 
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If r = 0.5, Ap = Aq = Ar= 0, independently of the 
ratio between p and q. This equilibrium is unstable 
in respect to r, and neutral in respect to p and q. Fig- 
ure 12.14 shows the speed at which r approaches 1, 
and p and q approach o. No other selective mecha- 
nism is at work, and initial gene frequencies corre- 
sponding to those found in western Europe are as- 
sumed (A: p = 0.3; B: ^ = 0.1; 0: r = 0.6). The selec- 
tion coefficients are those suggested by the empirical 
evidence. Changes in gene frequencies are much 
more rapid than those found in the Rh case 
(Fig. 12.14). 

12.2.1.5 Other Modes of Selection 

Frequency -Dependent Selection [21, 63]. The discus- 
sion above treats selection values as constants. How- 
ever, these values may be functions of the genotype 
frequencies as well as of the population density. 
This type of selection is known as frequency- or 
density-dependent selection. More specifically, the 
correlation between the selective value of a genotype 
and its frequency may be negative, a genotype be- 
coming more advantageous when its frequency de- 
clines. Such cases have been observed in nature 
when selection against a species is influenced by pre- 
dators that can be fooled if a few individuals of this 
species change their phenotypes. In humans, one 
case may be interaction of genetic components of 
the immune system such as MHC types with infec- 
tive agents. 

Let us assume the following simple model of frequen- 
cy-dependent selection in a dominant gene: 



Phenotype 


Frequency 


Fitness 


A 




Wi = 1 +Si(l -q^) 


a 




-1- 

II 



Then we have: 

- q = ~ 

w w 

iv = (1 - c^)w^ -h q^W 2 = 1 + s/1 - q^Y -H S 2 q^ 
Therefore, the equilibrium condition is: 

= W2 

or: 

q^(si -h S 2 ) - Sj = 0 

This equation is solvable for the gene frequency, q, if 
and only if the selection coefficients and are 
both positive or both negative. The solution is: 




For the equilibrium state, the fitness value is: 

- - ^ 5 iS 2 

W. = Wy = W = 1 -I- 

5i + 52 

The equilibrium can be shown to be stable if and 
are both negative (and not less than -1). This means 
that a stable equilibrium exists when A has an ad- 
vantage if it is rare, such as in Batesian mimicry 
(Sect. 5.2.6). 

At equilibrium all the genotypes have the same fit- 
ness. If there is no dominance, and the fitnesses of 
all three genotypes are different, calculation becomes 
more cumbersome [63]. However, it can be shown 
that in this case frequency-dependent selection can 
also yield stable polymorphisms when there is no 
heterozygote advantage. Polymorphisms can even be 
maintained by such a mechanism despite a selective 
disadvantage of heterozygotes. Furthermore, in a par- 
ticular situation, there may be more than one stable 
equilibrium. In humans, frequency-dependent selec- 
tion is a plausible mechanism for mutual adaptation 



Fig. 12.14. Change in gene fre- 
quencies of one allele (p) under 
selection due to mother-child in- 
compatibility. p decreases, if 
p < 0.5 at the onset of selection; it 
increases, if p > 0.5 at the onset of 
selection. (Vogel and Helmbold 

1972 [135]) 
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of a parasite to the human host and vice versa. The 
parasite - for example, a bacterium or virus - may 
become adapted to the commonest biochemical or 
immunological variety of the host, and rarer varieties 
may gain a selective advantage. The parasite mimics 
the antigens of its host, either by acquiring the genet- 
ic ability to produce its antigens or by directly utiliz- 
ing the host’s membrane material for synthesis of its 
own membrane. In either case, the immune defense 
mechanism of the host is deceived, and the parasite 
is more successful than if it had no antigen in com- 
mon with the host. Selection depends on the frequen- 
cy as the virus adapts mainly to the most frequent 
genotype; the rarer ones have an advantage. Exam- 
ples are provided below. 

One mechanism by which the host can defend itself 
against this “strategy” of the parasite is to create a 
highly polymorphic system with very many different 
antigenic patterns at its cell surface. This prevents 
the parasite from gaining selective advantage by 
adapting to one specific pattern. Such a highly poly- 
morphic system has developed for the MHC, which 
comprises the HLA loci together with a number of 
other gene loci involved in the immune response 
(Sect. 5.2.5). 

Frequency-Dependent Selection in Combination with 
Linkage Disequilibrium. The second significant fea- 
ture of the MHC complex - apart from the high de- 
gree of polymorphism - is the nonrandom distribu- 
tion of allele combinations for loci forming this com- 
plex, especially the HLA loci. This linkage disequili- 
brium is described in Sects. 5.2.4 and 5.2.5. Not one al- 
lele at one locus but a certain combination of alleles 
at the various loci of a gene complex confers a selec- 
tive advantage to its carriers. Such groups of closely 
linked loci with related functions may have been cre- 
ated during evolution when certain combinations of 
genes had a selective advantage. This advantage is 
usually destroyed in the next generation by free re- 
combination of the involved gene loci; it is main- 
tained if these loci are closely linked. Therefore selec- 
tion is expected to favor chromosome rearrangements 
leading to closer linkage between such loci. This is 
not the only possible cause of linkage disequilibrium. 
It may also - and possibly more often - exist as the 
result of a mutation that happened to occur in a cer- 
tain chromosome carrying an individual combination 
of variants in the DNA structure outside of tran- 
scribed genes. (The PHA and CFTR genes are discus- 
sed above as examples.) But the mechanism discussed 
here - advantage of a certain array of alleles of var- 
ious genes) may occur much more often than is as- 
sumed by many scientists, and its analysis may open 
up new paths for understanding interaction and co- 
operation of genes - and human evolution. 



Density -Dependent Selection [21]. Selection may vary 
not only with the relative frequencies of genotypes 
within a population but also with the absolute popu- 
lation size/habitat, i. e., the population density. It has 
been shown that density-dependent selection allows 
the maintenance of a balanced polymorphism under 
a wide range of conditions. Under some circumstan- 
ces a polymorphic population can support a larger 
number of individuals than a monomorphic one. Still 
more importantly, changes in population density may 
bring about genetic revolutions that mimic the effects 
of random genetic drift (Sect. 13.3). Changes in popu- 
lation density have been important in human evolu- 
tion, for example, when agricultural techniques were 
learned during the Neolithic Era. It is therefore plau- 
sible to assume that density-dependent selection 
may have played an important role in human evolu- 
tion. 

Kin Selection. In recent years another kind of selection has 
been discussed increasingly by evolutionary theorists: kin se- 
lection. Animals generally interact with each other and with 
the environment in social groups - families, hordes, gangs. 
Within such groups, behaviors are often observed that seem 
to contradict the expectation that each individual competes 
with all other members of the species for survival and repro- 
duction, an expectation that is implicit in the earlier selection 
models. The biological meaning, for example, of altruistic be- 
havior - sometimes even at the expense of the individual’s 
life - is obvious intuitively when we observe a mother de- 
fending her offspring against a predator. Sometimes, how- 
ever, behaviors are observed in which the biological basis is 
less clear; for example, when a lion sire takes over a harem 
and kills the young offspring of his predecessor. Theoretical 
interpretation of such social behaviors, altruistic and other- 
wise, remained an enigma for evolutionary theorists from 
Darwin onwards until in 1964 Hamilton [52] developed a the- 
ory of kin selection. The full theory is intricate and is only 
outlined here. The basic idea, however, is simple and obvious: 
The individual fights for survival and transmission of his or 
her genes. Often the interest of my genes coincide with my in- 
terest as an individual, but if I have, for example, two chil- 
dren, sacrificing my life for their survival is equivalent to sav- 
ing my own life at their expense, since each of them carries 
half my genes. If I have three or more children, such altruis- 
tic behavior is even superior, saving more of my genes than 
if I were to survive myself. The same reasoning applies for 
sibs and also or for more remote relatives such as grandpar- 
ents, uncles and nephews, and others. The lion, on the other 
hand, will probably own the harem for only a limited - and 
often short - time. During this time he is “interested” in re- 
producing as extensively as possible. Lionesses who are still 
nursing cubs from a different father do not ovulate and can- 
not become pregnant. Therefore it is in the interest of the 
lion’s genes to kill these cubs. 

An increasingly important branch of science - sociobiology 
(Sect. 14-2.4) - uses the theoretical concepts of Hamilton and 
his successors. The consequences have been popularized in 
discussions of the “selfish gene” and have led to heated dis- 
cussions between biologists and social scientists and philoso- 
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Fig. 12.15. Change in gene fre- 
quencies in the ABO blood group 
system due to selection 5 against 
AO children and BO children of 0 
mothers, p, Gene frequency of A; 
q, gene frequency of B; r, gene 
frequency of 0; r tends to 1; p, q 
tend to 0. (Vogel and Helmbold 

1972 [135I) 



r=0.6 p= 0.3 q = 0.1 




phers. Understanding of this requires some knowledge of the 
conceptual background. Its mathematical derivation, which is 
not simple, cannot be given here. (For a relatively simple 
treatment see [20].) The following result is important: 

For the selective advantage of altruistic behavior, improve- 
ment in the chance of survival by genes of the individual 
practicing this behavior is decisive. This depends on the rela- 
tive positions of “donor” and “recipient” in a pedigree; the 
closer their “coefficient of relationship” (Hamilton), the high- 
er the gain from altruistic behavior. This coefficient is identi- 
cal to the proportion of genes which two individuals have in 
common by descent: in the absence of additional consangui- 
nity such behavior does not lead to the loss of my genes if I 
sacrifice my life for at least two children or full sibs, or four 
half sibs, or eight first cousins. If the donor does not necessa- 
rily sacrifice his life but incurs an increased risk of doing so, 
this risk must be weighted against the increased chances for 
relatives. For example, at a 20% risk of being killed in a given 
situation to protect ones sibs, from 100 individuals only 80 
will survive. If their sacrifice leads to the survival of 200 in- 
stead of 160 sibs, i. e., 40 more, the same number of “donor” 
genes are transmitted to the next generation. With parents 
and children the situation may be slightly more complicated 
because of the age difference. 

Selection for Continuously Distributedy Multifactorial- 
ly Determined Characters. The discussion above ex- 
amines selection for only single genes. Flowever, 
many normal and abnormal traits and diseases show 
a continuous distribution in the population and are 
determined by an unspecified number of different 
genes. In principle, the laws of selection theory apply 
for these characters as well. However, since genetic 
analysis has not yet penetrated to the Mendelian-phe- 
notypic level (Sect. 6.1), biometric methods must be 
used [37, 39, 77]. These methods have gained impor- 
tance for animal and plant breeding. These problems 
include the following: 

a) Obviously the change in a quantitative character- 
istic in a population under the influence of natural 





Fig. 12.16 a-c. Selection in continuously distributed multi- 
factorial characters, a Selection by elimination of 50% of the 
population (those below the population mean, shown in 
white) from reproduction. In the F^ generation, the mean is 
shifted by S. It can be shown that this shift must be o.8x the 
standard deviation (SD). b Selection by elimination of 80% 
of the population from reproduction. This leads to a shift of 
1.4 X SD of the population mean in the next generation, 
c This shows a population with lower genetic variability. If 
80% of the population are eliminated from reproduction as 
in b, the shift of the mean relative to the standard deviation 
is the same but absolutely it is much lower (in this case 1/2). 
(Falconer i960 [37] ) 



selection is proportional to heritability (for the 
heritability concept, see Sect. 6. 1.1.4). 

b) The response of the character to selection de- 
pends on the strength of selection (Fig. 12.15 a, b). 

c) It also depends on the degree of genetic variability 
in the population (Fig. 12.16). In the absence of 
genetic variability, selection is ineffective. 

Figure 12.17 shows the effect of artificial selection 
over generations. The mean shifts toward the direc- 
tion of selection but genetic variability decreases 
from generation to generation, until selection ceases 
to be effective. 

Mutations causing slight, barely discernible shifts in 
multifactorial systems have presumably been of great 
importance in evolution. Under the influence of se- 
lection these mutations have led to a slow and gra- 
dual shift in quantitative characteristics. 
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Fig. 12.17. Effect of selection over many generations on a con- 
tinuously distributed character with multifactorial inheri- 
tance. With a shift in the mean the variability gradually de- 
creases. The same is true for the effect of selection in one 
generation. Ultimately the population becomes genetically 
homogeneous, and no further selection is possible. (From 
Falconer i960 [37] 



One genetic property that shows such a continuous 
distribution, and is therefore thought by many to be 
due to the interaction of many genes, is the liability 
to common “multifactorial” diseases such as conge- 
nital malformations, common diseases, and mental 
disorders. Altering selective conditions - for exam- 
ple, by successful treatment of congenital heart dis- 
ease or schizophrenia - could lead to a shift in the 
distribution curve of disease liability and thus to a 
higher incidence of these conditions. It is, however, 
difficult to calculate the extent of the shift. We do 
not know sufficiently well whether or in what cases 
the multifactorial genetic model adequately describes 
reality (Chap. 6). With the identification of specific 
genes responsible for aspects of such genetic suscept- 
ibilities, population genetic analysis will also become 
easier, and more reliable predictions will become 
possible. 

72 . 2 . 7.6 Selection Due to Infectious Diseases 

[91 131 ] 

The foregoing sections describe the most important 
mathematical selection models and indicate some 
practical applications to situations in human popula- 
tions. As mentioned, probably the most important 
source of natural selection has been selection due to 
genetic differences in susceptibility to infective 
agents. 

Selection Due to Infectious Diseases in Historical Popula- 
tions. Natural selection is especially effective when acting 
through differential mortality before the age of reproduc- 
tion, i. e., during childhood and youth. The first reliable sta- 
tistics on childhood mortality are available for Europe in 
the eighteenth century [125]. The survival rate in Prussia 
up to the age of 20 is shown in Fig. 12.18. More than half 
the population died before reaching the age of 20, and 
about one-quarter died within the first year of life. What 
were the causes of these early deaths? Statistics answer this 
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Fig. 12.18. Survival rate of newborn children up to the age of 
20 in Prussia (central Europe) in the middle of the eighteenth 
century. (Based on data from Siissmilch 1786 [125] ). Dotted 
line, survival rate for Berlin (1955) for comparison 



question only partially, since not all diagnoses reported at 
that time can be identified as presently known diseases. 
However, the data leave little doubt that most children 
died from viral and microbial diseases such as intestinal in- 
fections, smallpox, tuberculosis, and measles. Therefore in- 
fectious diseases are good a priori candidates for possible 
selective agents. Endemic infections that affect every gen- 
eration would be more effective selective agents than epi- 
demic diseases which occur only episodically, such as pla- 
gue. 

History of Some Infectious Diseases. What are the infectious 
diseases that may have influenced gene frequencies of whole 
populations in the past? Four groups come to mind: 

1. Acute infections that repeatedly invaded whole countries, 
sweeping away large parts of the populations. Examples in- 
clude plague, cholera, and smallpox. 

2. Chronic infections such as tuberculosis, leprosy, and sy- 
philis. 

3. The heterogeneous group of intestinal infections that oc- 
curred in all age groups but were fatal mainly in infancy 
and early childhood. 

4. Tropical diseases such as malaria. 

The available information on the history of these infections is 
fragmentary and often misleading, as no bacteriological evi- 
dence for historical epidemics is available, and the descrip- 
tions often do not permit a diagnosis. Some conclusions 
seem to be warranted, however [59]: 

a) Plague can be traced back to the end of the second or the 
beginning of the third century B. C. Good descriptions exist 
from Alexandria and Libya around the time of Christ’s birth. 
During the Middle Ages a number of plagues swept through 
Europe, killing a large proportion of the population. In more 
recent times epidemics have come from the Near East (Tur- 
key) and southern or southeastern Asia. Centers of smallpox 
were in Africa and in Asia, especially India and China. In 
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both countries smallpox has been known for thousands of 
years; India even has a smallpox goddess, Sitala. 

b) Tuberculosis was formerly endemic in large parts of the 
Old World and was introduced from there wherever white 
men went. Leprosy requires special living conditions to be- 
come endemic. This disease was frequent in Europe during 
the Middle Ages but disappeared with improved living con- 
ditions by the eighteenth century. At present many millions 
are still affected, especially in India, southeastern Asia, 
Africa, and South America. Syphilis, according to one hy- 
pothesis, was a disease of the New World - Central and 
South America - and was introduced to Europe immediate- 
ly after the discovery of America. Following epidemics in 
the late fifteenth and the sixteenth centuries, syphilis be- 
came an endemic disease [12]. This hypothesis is far from 
being universally accepted, although it is in reasonably ac- 
cord with many historical facts. Historical hypotheses of 
this kind are difficult to refute but still more difficult to 
confirm. 

c) It is known that infant mortality due to intestinal infec- 
tions leading to infant diarrhea was very high in Europe 
even up to 1900, and in large parts of Asia, Africa, and South 
America until much more recent times. It is reasonable to as- 
sume that such high infant mortality has always been experi- 
enced in human history. Beyond this statement, more specific 
hypotheses are impossible. 

d) For tropical countries such mortality statistics as those 
presented above for Prussia (Fig. 12.18) have become available 
only recently; however, there is ample evidence that even 
after World War II many of these countries still had a very 
high rate of childhood mortality. This mortality was caused 
by a variety of conditions; infectious diseases such as malaria 
and intestinal infections prevailed. If there were genetically 
conditioned susceptibilities to these infections, those indivi- 
duals who are susceptible would die more often, whereas oth- 
ers who enjoy a higher level of genetic resistance would have 
a better chance to survive and to transmit their genes to their 
children. Therefore the genetic composition of present hu- 
man populations will have been strongly influenced by such 
differences in resistance to infections. Recent decades have 
seen much progress in the analysis of mechanisms for such 
resistance and in studies of the genetic composition of hu- 
man populations. Below two principal examples are be ana- 
lyzed: 

1. Selection due to malaria in relation to the frequency of 
hemoglobin genes in populations of tropical countries. 

2. Selection in relation to the ABO blood groups. 

This leads below to a comparison of “attack” and 
“defense” strategies between host and infective agent. 

Distribution of Sickle Cell Gene and Other Abnormal 
Hemoglobin Genes in the World Population. The lead- 
ing paradigm for heterosis in humans is the selective 
mechanism causing the high frequency of the sickle 
cell gene in some human populations. The molecular 
basis, genetic determination, and genotype-pheno- 
type relationship of sickle cell hemoglobin has been 
described in Sect. 7.3. 

Sickle cell hemoglobin (HbS) is produced by a single 
nucleotide substitution of the ^0-hemoglobin gene. 



Affected homozygotes suffer from a hemolytic ane- 
mia, and episodic attacks of joint and abdominal 
pain whereas heterozygotes are clinically healthy un- 
der normal conditions. 

The very unequal distribution of the sickle cell gene 
in the populations of the world is the most striking 
feature. From the standpoint of population genetics. 
Such a pattern is not, however, confined to this gene; 
a number of other hemoglobin variants such as C, D, 
E, and the thalassemias show a similarly unequal dis- 
tribution and are also polymorphic. Within a broad 
periequatorial belt from Zaire to Tanzania, frequen- 
cies for heterozygotes of FibS range from 15 % to as 
high as 40%. The frequency decreases slightly toward 
the western part of Africa. In northern and southern 
Africa it is much lower; in both these areas HbS is 
found only sporadically in various populations. In 
the Mediterranean HbS occurs especially in Sicily, 
Calabria, and some parts of Greece. On the Chalcidice 
peninsula the heterozygote frequency may reach 30% 
(Fig. 12.19). The gene is relatively common in south- 
ern Indian populations and has been found in Arabs. 
It is absent from Native American populations and 
practically absent from all northern and northwes- 
tern European populations. Three explanations are 
possible in principle for such an unequal distribu- 
tion. 

1. The mutation rate is different, either for exogenous 
reasons, for example, by differential exposure to a 
mutagenic influence (Chap. 11), or for endogenous 
reasons, for example, unequal distribution of mu- 
tator genes (Sect. 9.4). 

2. Selection works differently under different envir- 
onmental conditions. 

3. Chance fluctuations of gene frequencies (genetic 
drift) occur, especially if the effectively breeding 
populations are small (Sect. 13.3.1). 

To begin with the latter possibility, it is very unlike- 
ly that differences among large population groups 
such as those observed for the frequency of HbS 
have come about by chance. Moreover, why should 
all known polymorphic hemoglobin variants (S, C, 
D, E and the thalassemias) be found almost exclu- 
sively in the tropical-subtropical belt? The drift hy- 
pothesis has therefore never been considered ser- 
iously to explain the distribution of these polymor- 
phisms. 

Differential Mutation Rates to HbS? Shortly after the 
discovery of this unusual distribution the hypothesis 
of differential mutation rates was seriously consid- 
ered [98]. Application of Haldane’s indirect method 
(Sect. 9.1) led to unrealistically high mutation rate es- 
timates confined to only a few population groups. 
Moreover, the hypothesis was refuted by direct exam- 
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Fig. 12.19. Areas in which the sickle cell 
gene and genes for other abnormal he- 
moglobins are common. (See also Hill 
and Wainscoat 1986 [57]; Livingstone 
1985 [85]) 



ination of children with sickle cell anemia and their 
parents. 

All evidence points to very low mutation rates for 
single base substitutions in the DNA (Sect. 9.4), ran- 
ging possibly between 10"^ and 10"^. This, together 
with the small overall population sizes in earlier cen- 
turies, suggested that ultimately all sickle cell genes 
could be traced back to very few single mutations or 
only one. Linkage studies with DNA polymorphisms 
suggest four different haplotypes comprising sickle 
cell mutants ([7 a]; Sect. 4.3) which are separated 
from each other by no less than two crossover events. 
These have been observed in population groups from 
neighboring regions in central Africa. Some obser- 
vers have suggested that this may point to four inde- 
pendent mutational events. However, we find the 
idea attractive that ultimately all HbS alleles derive 
from only one mutation, and that the present location 
of this allele in four RFLP haplotypes is explained by 
very rare recombination or by gene conversion (see 
Sect. 3.2; Sect. 7.3). On the other hand, independent 
mutations are all the more unlikely, since the 
T = A -> A = T mutation necessary for the glutamic 
acid ^ valine exchange is a transversion, belonging 
to the rarer type of base replacements (Sect. 9.4.2). 
Why did these genes become so frequent? There must 
have been a selective advantage. 



Malaria Hypothesis. Geographic distribution and ge- 
netic analysis offer two hints: 

1. The selective advantage seems to be confined to 
tropical and subtropical areas. 

2. Homozygotes suffer from a severe hemolytic ane- 
mia. Their reproductive fitness is estimated to be 
approximately 20%-25% of normal and under pri- 
mitive living conditions approaches 0. The homo- 
zygous state for the sickle cell gene was unknown 
in central Africa until the past three decades be- 
cause affected infants died very early. The high fre- 
quency of HbS could be reached only with a selec- 
tive advantage of heterozygotes who are, at the 
same time, much more frequent than homozy- 
gotes. 

The two criteria led to the hypothesis that heterozy- 
gotes are less susceptible to falciparum malaria than 
are normal homozygotes: 

Beet (1946, 1947) [8, 9] observed in the Balovale district and 
in other parts of Zambia that during the dry season when 
malaria infectivity is in generally lower, heterozygous AS 
children showed malaria parasites in their blood smears less 
frequently than normal homozygotes. The difference was 
not statistically significant but splenomegaly was also less 
pronounced in heterozygotes. Beet appears to have been the 
first to suggest malaria as the principal selective agent. In 
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1951 the Lambotte-Legrands [75] in Zaire had the impression 
that cerebral malaria was rarer among heterozygotes for 
sickle cell anemia. 

Haldane (1949) [51], noted a similar geographic dis- 
tribution of thalassemia and malaria and suggested 
that thalassemia could be maintained in the popula- 
tion by a selective advantage of heterozygotes in the 
presence of malaria. For the sickle cell gene this hy- 
pothesis was tested by Allison [1-4, 6], who formula- 
ted it as follows: 

1. The homozygous sickle-condition is virtually lethal in 
Africa. . . . The rate of elimination of the gene could not 
be compensated by recurrent mutations. 

2. Balanced polymorphism has resulted because the sickle 
cell heterozygote is at an advantage, mainly as a conse- 
quence of protection against Falciparum malaria. 

3. Malaria exerts its selective effect mainly through differen- 
tial viability of subjects with and without the sickle cell 
gene between birth and reproductive age, and to a much 
lesser extent through differential fertility. 

4. High frequencies of the sickle cell gene are found only in 
regions where Falciparum malaria is, or was until recently, 
endemic. 

5. In most New World black populations frequencies of the 
sickle cell gene are lower than would be expected from di- 
lution of the African gene pool by racial admixture. This 
is probably the result of elimination of sickle cell genes 
without counterbalancing heterozygote advantage. 

6. In regions where two genes for abnormal hemoglobins co- 
exist, and interact in such a way that individuals posses- 
sing both genes are at a disadvantage . . . these genes will 
tend to be mutually exclusive in populations. 



The following sections take up the evidence for the 
first four arguments of the “malaria hypothesis” in 
its specific form. The evidence for points 5 and 6 is 
deferred to later sections (Sect. 12.2.1.7). 

Evidence for the Malaria Hypothesis. Several lines of 
evidence are discussed in detail below because this 
example illustrates the methodology applicable to hu- 
mans for examining hypotheses of natural selection. 
The evidence may be divided into two parts: (a) re- 
sults from testing the proposed mechanism of selec- 
tive advantage and (b) results from examining the 
proposed consequences for reproduction and popula- 
tion frequency. 

1. The hypothesis predicts that young children (dur- 
ing the first 5 years of life) without the sickle cell 
trait will be infected more massively, will become 
more severely sick, and will die more often from 
falciparum malaria than will sickle cell heterozy- 
gotes. The hypothesis does not predict that school 
children or adults will be more frequently or se- 
verely infected. In hyperendemic areas immuniza- 
tion by frequent infection with malaria has devel- 
oped early in life so that no differential mortality 
can be expected between heterozygotes and normal 
homozygotes in older children or adults. 

Table 12.14 shows the incidence of Plasmodium fal- 
ciparum infections in sicklers and nonsicklers. For 
statistical evaluation, the method of Woolf [144 a] 
was used; the weighted mean relative incidence 



Table 12.14. Incidence of severe P. falciparum infections in African children (from Allison 1964 [1773] ) 



Authors 


Classificatian 
of infection 


Sidde cell 

Severe Total 
infec- 
tions 


Non-sickle cell 

Severe Total 
infec- 
tions 


Relative 

incidence'^ 

(Woolf) 




Probability 


Allison (1954) 


Group 2 or 3 


4 


43 


70 


247 


3.86 


6.16 


0.02 >p> 0.01 


Foy et al. (1955) 


Heavy 


21 


241 


38 


241 


L96 


5.44 


0.02 > p> 0.01 


Raper0955) 


> 1000 (U 


35 


191 


374 


1009 


2.63 


23.74 


p< 0.001 


Colb ou me and Edington 
(1956) 


> 1000/|il 


3 


173 


57 


842 


4J1 


5.59 


0.02 >p > 0.01 


Colbourne and Edington 
(1956) 


> lOOO/pl 


5 


15 


75 


177 


L47 


0.46 


p > 0 .50 


Garlick (I960) 


> lOCO/pl 


25 


91 


147 


342 


1.99 


7.06 


0.01 >p> 0.001 


Allison and Clyde (1961) 


> lOOO/nl 


36 


136 


152 


407 


1.66 


5.27 


0.05 >p > 0.02 


Thompson (1962, 1963) 


> 5630/pl 


3 


123 


42 


593 


3.05 


3.38 


0,10>p>0.05 



^ Incidence of heavy P. falciparum infections in non-sickle cell trait groups relative to unity in corresponding sickle cell trait 
groups. 

Weighted mean relative incidence = 2.17. Difference from unity = 51.4 for 1 df pKo.ooi. 

Heterogeneity between groups = 5.7 for 7 df, ^>0.5. 
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shows that children without the sickle cell trait 
(normal homozygotes) incur a risk 2.17 times that 
of sickle cell heterozygotes of having a heavy falci- 
parum infection. Table 12.14 shows only cases with 
heavy infections, defined as showing more than 
1000 parasites per microliter of blood. However, 
malaria can lead to a difference in fitness only if a 
higher percentage of affected nonsicklers die from 
malaria - or if the disease impairs their reproduc- 
tion. Table 12.15 presents the number of fatal out- 
comes among normal homozygous and heterozy- 
gous children in several areas of Africa. With one 
exception, only normal homozygotes died of ma- 
laria. In view of the incidence of the sickle cell trait 
in these populations (8%-29%), this finding can- 
not be a chance result. Therefore a higher malarial 



Table 12.15. Malarial mortality in HbS trait (AS; from Motuls- 
ky 1964) [92] 





AS (po- 
pulation 
frequen- 
cy %) 


No. 

dead of 
malaria 


Observed 
no. AS 
dead of 
malaria 


Expected 
no. AS 
dead of 
malaria 


Kinshasa, 

Zaire 


26 


23 


0 


6 


Kananga, 

Zaire 


29 


21 


1 


6.1 


Ibadan, 

Nigeria 


24 


27 


0 


6.5 


Accra, 

Ghana 


8 


13 


0 


1 


Kampala, 

Uganda 


19 


16 


0 


3 


Total 

t = 26.77 


p < 0.001. 


100 


1“ 


22.6 



susceptibility during early childhood and, conse- 
quently, a higher death rate were demonstrated for 
normal homozygotes than for heterozygotes. The 
results of in vivo studies in which volunteers with 
sickling trait were infected with malarial plasmo- 
dia are less clearcut. One study found [2] sickle 
cell heterozygotes to have a lower incidence of 
parasitemia than controls after experimental ma- 
laria inoculation; other studies have failed to con- 
firm this result. 

2. Another set of investigations examined the conse- 
quences of increased disease susceptibility for the 
population were: (a) a higher nonsickler mortality 
during childhood should result in a greater fre- 
quency of sicklers among adults compared with 
children of the same population group, as shown 
in Table 12.16; (b) a higher mortality of nonsicklers 
should also lead to a greater number of surviving 
children from marriages in which sickle cell het- 
erozygotes segregate. The evidence from one large 
study [5, 56] is shown in Table 12.17. Childhood 
mortality was highest in matings between two het- 
erozygotes. This is not surprising, as one-fourth of 
them are expected to be homozygotes for the sickle 
cell allele and hence to suffer from sickle cell ane- 
mia. However, relatively fertile matings which, at 
the same time, show the lowest number of dead 
children were those between heterozygotes and 
normal homozygotes (AS x AA). This is to be ex- 
pected if heterozygotes run a lower risk of death 
during childhood. 

From the differences in frequencies among the 
genotypes AA, AS, and SS in the adult population 
of the Musoma district and Hardy- Weinberg ex- 
pectations Allison [5] calculated the relative fitness 
(w) of the different genotypes as compared with 
the population average: 

Waa = 0 . 7961 ; Was ~ 1 - 000 ; and Wgs = 0.1698 



Table 12.16. Comparison of prevalence of sickle cell heterozygotes among children and adults (from Allison 1956 [5] ) 



Population 


No. of children 
examined 


Sickle cell 

heterozygotes 

(%) 


No. of adults 
examined 


Sickle cell 

heterozygotes 

C%) 


Dar es Salaam, Tanzania 


753 


17.9 


283 


23.3 


Zaire; Baluba 


147 


16.3 


775 


23.5 


Zaire; Pygmies 


119 


22.7 


327 


28.1 


Dakar, Senegal 


1350 


6.2 


952 


15.5 


Rwanda, Burundi 


516 


14.2 


928 


13.2 


Musoma, Tanzania 


287 


31,8 


654 


38.1 


Man dingo, Gambia 


211 


9.0 


713 


11.5 


Jola, Gambia 


103 


14.5 


312 


17.0 


Fula, Gambia 


69 


17.3 


127 


18.9 


Jolloff, Gambia 


48 


18.8 


104 


17.3 
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Table 12 . 17 . Fertility and child mortality in Africans living in the Musoma district, Tanzania (from Allison 1956 [ 5 ]) 



Mating 

type 


Number of 
matings 


All living 
children 


Mean 
number 
of living 
children/ 
mating 


Deceased 

children 


Mean num- 
ber of de- 
ceased 
children/ 
mating 


Deceased 

children 

(%) 


Total 

number of 
children 
(living or 
dead) 


Total 

number of 

children/ 

mating 


ASx AS 


18 


44 


2.44 


35 


L94 


44.3 


79 


4.39 


AS X AA 


84 


221 


2.63 


12 ! 


L44 


35.3 


342 


4.07 


AAXAA 


74 


172 


2,32 


115 


1.55 


40.1 


287 


3.88 


All mating 


176 


437 


2.48 


271 


1.54 


38,2 


708 


4.02 



types 



corresponding to: 

Sj (selection against AA) = 0.2039 

$2 (selection against SS) = 0.8302 

Is the ratio of the selection coefficients sufficient to 
maintain a genetic equilibrium for the actually ob- 
served frequency of the sickle cell gene? To test this 
we return to Eq. 12.6 for equilibrium conditions: 



' Si + 52 0.2039 + 0.8302 

A gene frequency of this order of magnitude, corre- 
sponding to a heterozygote frequency of 31.7%, has 
indeed been found in some populations. Therefore 
the data agree roughly with the predictions from the 
hypothesis of a balanced polymorphism. 

In how many generations would such an equilibrium 
be established if this selection started anew? Results 
of some model calculations [104, 118] are in 
Fig. 12.20. Forty generations correspond to about 
1000 years if a generation time of 25 years is taken. 
Since a millennium is not an unduly long time, the 
model is realistic from this standpoint as well. Some 
other results point to an additional loss of fertility 
due to placental malaria in infected homozygous nor- 
mal women [38]. The evidence, however, is not 
entirely convincing. 

Some Other Aspects of the Malaria Hypothesis [92, 
93]. Two further aspects are: 

a) It has been estimated [82] that malaria contribu- 
ted significantly to approximately 15% of child- 
hood deaths in endemic areas with ubiquitous in- 
fection. Considering that childhood mortality ap- 
proached or even exceeded 50%, this mortality 
level is enough to provide a high selective advan- 
tage for any gene offering at least partial protec- 
tion. 

b) Malaria is an ancient disease; it has probably ex- 
isted for at least 2000 years (80 generations) in 




0 10 20 30 40 



— ^ Generations 

Fig. 12 . 20 . Model calculation for the changes in the combined 
frequency of sickle cell homozygotes and heterozygotes for 
the sickle cell gene and the assumption about and set 
out in the text. Fitness of the heterozygote is assumed to be 
1.26 times that of the normal homozygote. Fitness of the 
sickle cell homozygote is one-fourth that of the heterozygote. 
With initial gene frequencies as different as 0 or 1 , an identi- 
cal equilibrium frequency will be reached. (From Smith 1954 

[ 118 ]) 



Mediterranean areas. In some parts of Africa ma- 
laria is probably less ancient and was presumably 
introduced by slash and burn agriculture [85], a 
practice that facilitated mosquito breeding in wa- 
ter ponds warmed by sunshine. Malaria - and 
therefore selection in favor of the sickle cell gene 
- depends on ecological conditions. 

What Will Happen If the Advantage of Heterozygotes 
Disappears? The advantage of sickle cell heterozy- 
gotes is present only in an environment in which 
many children die from falciparum malaria; it van- 
ishes as soon as malaria is eradicated. Malaria has 
been reduced in many countries very much below 
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its level of 20-30 years ago, although the condition is 
increasing again in certain areas. This means that lit- 
tle if any heterozygote advantage remains at present. 
The consequences for the gene frequency of the sickle 
cell gene are obvious. Selection against the sickle cell 
gene would lead to its gradual diminution provided 
only that selection against abnormal homozygotes 
(patients with sickle cell anemia) continues. The 
speed of this decline can be calculated from the for- 
mulas used in the discussion of complete selection 
against homozygotes. 

Since most New World black populations have been 
living for several generations in a malaria-free envi- 
ronment frequencies of the sickle cell gene are lower 
than would be expected from admixture of white 
genes (Sect. 12.3.4). 

The expected reduction in the sickle cell gene was observed 
in blacks of malaria-free Cura9ao, whereas blacks in Surinam 
had higher HbS frequencies. Both groups reported a similar 
origin in Africa. Only the Surinamese population was ex- 
posed to malaria, which persists to the present time. Results 
pointing in a similar direction were obtained in African- 
American blacks in Georgia, when white admixture estimates 
were calculated for a number of genes. The HbS trait turned 
out to give much higher admixture values than other mar- 
kers. Selection against HbS homozygotes in the absence of 
malaria would explain the results [13]. 

Population Genetics of G 6 PD Variants and Falcipa- 
rum Malaria [67, 92, 93]. Some other genetic traits 
of red blood cells are also common in tropical and 
subtropical areas (Fig. 12.19). Examples include HbC 
in western Africa, HbD in parts of India, HbO in Ara- 
bia, HbE in south-eastern Asia, the various a thalas- 
semia and P thalassemia variants that are observed 
all over the malaria-infested area, and some variants 
of the enzyme glucose- 6 -phosphate dehydrogenase 
(G6PD). It is plausible to conclude that malaria was 
the major selective factor for these traits as well. The 
actual evidence, however, is not nearly as good as 
for the sickle cell gene. Only the G6PD variants, tha- 
lassemia, and HbE are considered below. 

Soon after the discovery of G6PD deficiency it be- 
came apparent that this trait is found mainly in po- 
pulations originating from tropical and subtropical 
areas of the globe. The geographic distribution was 
similar to that of falciparum malaria and suggested 
that G6PD deficiency, as the sickling trait, owes its 
distribution to selection by this malarial organism. 
Malaria requires nonprotein glutathione (GSH) for 
growth. Since GSH is reduced in G6PD deficiency, 
proliferation of falciparum malaria might be cur- 
tailed in the enzyme deficiency. Lessened parasitiza- 
tion is associated with lower mortality. Microgeo- 
graphic mapping of the G6PD frequencies in areas 
of the world where both high and low endemicity of 



falciparum malaria exists demonstrates that high 
gene frequencies are found where malaria is frequent 
and low gene frequencies are seen in areas with little 
or no malaria. The results from Sardinia are particu- 
larly impressive and show high G6PD frequencies in 
the plains where malaria was endemic and low 
G6PD frequencies in the hills where malaria was ab- 
sent. Hill and plains populations were similar in 
terms of other genetic markers. 

The finding that various genetic types of G6PD defi- 
ciency of different mutational origin (such as the 
A~ type, the Mediterranean type, and various Asian 
types) reach high frequencies in different parts of 
the globe is strong presumptive evidence for selec- 
tion. A good correlation of the frequencies of the 
sickling gene and that of the A- variety of G6PD defi- 
ciency exists in African countries and between fre- 
quencies of j 3 thalassemia and the Mediterranean 
type of G6PD deficiency in Sardinia. In other words, 
both traits in a given area correlated with malarial 
prevalence in earlier generations. Since G6PD defi- 
ciency is X-linked, and HbS and P thalassemia are 
autosomal traits, no other explanation besides selec- 
tion can adequately explain these correlations. 

The dynamics of selection of an X-linked trait are 
complex since males have two (normal and mutant) 
and females have three genetic classes (normal, het- 
erozygotes, and homozygotes). Heterozygote females 
have two red cell populations: a G6PD-deficient and 
a normal G6PD population (Sect. 2.2.3.3). The 
G6PD-deficient red cell population has been demon- 
strated to show fewer malaria parasites than the nor- 
mal population, thus providing direct evidence for 
protection of G6PD-deficient cells vis-a-vis falcipar- 
um malaria. Recent data on children in Africa (Gam- 
bia and Kenya) [112 a] have shown that both male 
hemizygotes and female heterozygotes for G6PD defi- 
ciency have a reduced relative risk of about one half 
to develop severe falciparum malaria when compared 
with those without the trait. Presumably, the selective 
disadvantage caused by hemolytic episodes in G6PD 
deficient hemizygote males (but much less frequently 
in heterozygote females) has prevented the gene for 
G6PD deficiency to become the predominant allele 
in the endemic areas. Lisker and Motulsky (1967) 
[81a] and Ruwende et al. (1995) [112 a] have modeled 
evolutionary trends of G6PD deficiency under var- 
ious assumptions of biological fitness. 

In Vitro Studies of Malarial Growth in Red Cells [46, 84, 88, 90]. 
The development of a method for growing malarial organisms 
in red cells in tissue culture provided a direct technique to 
study the ability of genetically abnormal cells to support malar- 
ial growth. However, owing to technical difficulties, work with 
this test system has not always provided definite answers. 
Red cells from sickle cell trait heterozygotes were found to be 
a poor medium for falciparum malaria proliferation under 
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conditions of hypoxia. Invasion of such cells was was some- 
what reduced. Sickling itself was not required [ 45 , 102 ]. 
G 6 PD-deficient cells from males with either the African or 
the Mediterranean variety do not support falciparum growth 
as well as normal cells [ 11 ], although some groups have been 
unable to find any differences (see [ 100 ]). However, all 
groups agree that there is lessened proliferation of malarial 
organisms in G 6 PD heterozygote females, depending upon 
the number of deficient cells. It had already been shown 
with staining studies that falciparum parasites are less fre- 
quent in the deficient cells of G 6 PD heterozygotes whose red 
cells are a mixture of deficient and normal cells [ 89 ]. Some- 
what low glutathione (GSH) levels are not further diminished 
in G 6 PD-deficient cells in culture, a somewhat surprising 
finding since GSH depletion was thought to be an important 
cause of the growth differential. 

Heterozygotes for HbC and HbE appear to support malarial 
growth as well as normal cells, while the data from homozy- 
gotes for HbEE and HbCC are more equivocal. Most studies 
have failed to show any proliferation differentials for malaria 
parasites between normal and 13 thalassemia cells except 
with additional oxidative stress [ 112 ]. Among the a thalasse- 
mias only those with HbH disease, i. e., deletion of three a 
genes: a-/—, showed definitive decreased growth of parasites 
[ 62 ]. The data in those with two abnormal a genes were less 
consistent, and normal growth was seen in those with a sin- 
gle Hba deletion (a-thal 2 ). HbE appears to inhibit prolifera- 
tion of falciparum malaria [ 101 ]. However, the various condi- 
tions characterized by hereditary persistence of fetal hemo- 
globin with high fetal hemoglobin levels in heterozygotes 
have not become as frequent as might be expected from the 
in vitro findings. Ovalocytes resist entry of falciparum organ- 
isms in vitro, and ovalocytosis is common in certain areas of 
Papua New Guinea [ 70 ]. However, cells with a rare and wide- 
spread blood group En (a-) resist invasion of falciparum ma- 
larial organisms in vitro [ 103 ], but this blood group has not 
reached polymorphic frequencies in any population. 

The various in vitro data suggest that a direct demonstration 
of diminished falciparum growth may be easy when the 
growth differential is relatively great, as with HbS heterozy- 
gotes. The occasionally observed proliferative differences in 
the somewhat rarer homozygotes for HbC and HbE and in 
HbH disease are immaterial for the population spread of 
these genes but show that only fairly large genetic differences 
can be demonstrated by such laboratory studies. With more 
subtle differences, as in HbE and HbC heterozygotes, the 
methods may not be sensitive enough to demonstrate small 
differences in growth. In any case, results of the in vitro 
methods are still too inconsistent to provide the decisive 
data that could prove or disprove the malarial hypothesis. 

Ascertaining and Measuring of Selection in Humans. 
This section summarizes some research strategies 
for ascertaining and measuring selection in humans. 
Most of these strategies have been used for testing 
the malaria hypothesis for the sickle cell gene [93]: 

a) There are obvious geographic correlations be- 
tween endemicity of the selecting disease and the 
protective gene. 

b) Affliction with severe forms of the selecting dis- 
ease and thus mortality is less in heterozygotes of 



the protective gene than in normal homozy- 
gotes. 

c) There could also be greater fertility in A/S hetero- 
zygotes than in normal homozygotes [92, 93]. 

d) Mortality differences are expected to lead to age 
stratification in the population. If the selecting 
disease selectively killed small children, there 
should be a relative increase in the frequency of 
the protective gene with age. 

The most obvious way to measure selection in in- 
fancy is to compare gene frequencies in infants 
and in the adult population; this may be supple- 
mented by comparing effective fertility in families 
(Tables 12.15-12.17). If selection intensity is as 
strong as with the sickle cell trait, this approach 
may be successful. However, in human genetics 
the expected selection intensities are generally 
much lower. For a recessive disease with 100% se- 
lection against the affected homozygotes and a se- 
lective disadvantage of 3% of normal homozy- 
gotes, the equilibrium value (Eq. 12.6) does not de- 
pend on gene frequency and may be calculated as 
follows: 

q = = 0 . 0291 ; ( 7 ^ = 0.00085 

^ 0.03 + 1 ^ 

This implies a homozygote frequency of a little 
less than i : looo - a frequency somewhat higher 
than that of cystic fibrosis in the western Euro- 
pean population. For rarer recessive genes the dis- 
advantage of the normal homozygote (sj com- 
pared to the heterozygote must be much lower to 
maintain a balanced system (Table 12.18). An enor- 
mous sample size is required to verify a selective 
disadvantage of this order of magnitude (0.5%- 
3.0%). If the rarer allele is moderately frequent, 
i. e., if a genetic polymorphism exists, the selective 
disadvantage of the normal homozygote is ex- 
pected to be higher, and the required sample sizes 
are of more reasonable size. Most studies on selec- 
tion have been carried out with polymorphisms, 
such as blood groups. However, the results have 
proven ambiguous [131]. This is not surprising 



Table 12 . 18 . (selective disadvantage of the normal homozy- 
gote) needed for maintaining a balanced system if = 1 
(complete selection against the abnormal homozygote) under 
genetic equilibrium (s^ depends on the relative frequencies of 
affected, and normal homozygotes, p^; see Sect. 12 . 2 . 1 . 3 ) 

q Si Example 

0.0291 0,000847 0.03 Cystic fibrosis 

0.0109 0.00 0118 0.011 Phenylketonuria 

0.00498 0.000025 0.005 Galactosemia 
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since present-day gene frequencies reflect selec- 
tion processes of the past or may not be caused 
by selection at all. Infant mortality in general has 
been dramatically reduced. If the studies describ- 
ed in Tables 12.15-12.17 were repeated today in ma- 
laria-free areas, it is unlikely that childhood mor- 
tality differentials and difference in the number 
of surviving children would be observed. There- 
fore, investigations of fertility and mortality dif- 
ferentials in human populations that are conduc- 
ted to assess selection may be impossible for prac- 
tical reasons. It is probably misleading to use pre- 
sent-day results for conclusions regarding prob- 
able selection in the past when entirely different 
environmental conditions prevailed, 
e) Difficulties of this type are inherent in most pre- 
sent studies on selection and can be partially cir- 
cumvented by direct examination of a putative se- 
lective mechanism. However, using this approach 
requires a specific hypothesis regarding such a 
mechanism. For the malaria hypothesis this was 
not too difficult. The geographic distribution of 
the sickle cell gene showed striking similarity 
with the distribution of falciparum malaria, and 
the Plasmodium organism was known specifically 
to attack red blood cells. 

In general, formulation of such a causal hypothesis 
requires knowledge of the physiological function of 
the gene concerned. Once a reasonable hypothesis 
for a mechanism is available, the task of testing for 
selection is simpler. It has even been asserted that 
no case of balanced polymorphism in any species 
has ever been discovered without knowledge, or at 
least a plausible hypothesis, of the biological mechan- 
isms by which selection works (B. Clarke, personal 
communication) . 



12.2.1.7 Natural Selection and Population History: 
HbE and P Thalassemia 

(This discussion is not absolutely necessary for understand- 
ing further sections.) 

It has often been discussed how genetic data, for example, 
gene frequencies of genetic polymorphisms, can be used to 
derive conclusions as to population history and population 
affinities. The following, well-analyzed example demonstrates 
how various techniques of population genetics and data from 
history and linguistics may be combined to answer such 
questions. This example is also used to examine the problem 
of two different alleles under selection and to demonstrate 
the value of computer simulation of population processes for 
population genetic analysis. 

Interaction of Two Abnormal Hemoglobin Genes in a Popula- 
tion. In one of his predictions Allison concluded that in re- 
gions where two genes for abnormal hemoglobins coexist 



and interact in such a way that individuals possessing both 
genes are at a disadvantage, these genes will tend to be mu- 
tually exclusive in populations [5]. This problem is illustrated 
by the interaction of HbE and thalassemia genes in south- 
eastern Asia (Flatz [40]). The homozygous state of thalasse- 
mia has been described in Sect. 7.3. The anemia in HbE dis- 
ease is much milder than that in HbS homozygotes. ^ Thalas- 
semia major (Cooley anemia) is associated with severely re- 
duced hemoglobin synthesis. Most compound heterozygotes 
for both P thalassemia and HbE (thalassemia-HbE disease) 
suffer from a marked chronic anemia approaching the sever- 
ity of P thalassemia major. The genes for the Hb /3 chain var- 
iants such as HbE and the p thalassemias are so closely 
linked (Sect. 7.3.4) that when they occur trans-position, they 
can be treated as alleles. 

Distribution of HbE and Thalassemia. The distribution of HbE 
in southeastern Asia has a center of maximal frequency in the 
Khmer-speaking population of northern Cambodia and the 
adjacent areas of northeastern Thailand; here the gene fre- 
quency may reach 0.3, corresponding to a heterozygote fre- 
quency of 42%, one of the highest hemoglobinopathy frequen- 
cies ever attained. In other parts of Thailand, on the Malaysian 
peninsula, and in Indonesia, the frequency is much lower. 
HbE has also been found in China, Assam, and in Bengal 
(Fig. 12.21). The total number of carriers of this gene may be 
around 20 million. P thalassemia alleles occur in the same 
areas; they are, however, much more widespread. 

HbE and Malaria. Once the relationship between HbS and 
falciparum malaria had been worked out, a similar mechan- 
ism for maintenance of other hemoglobin polymorphisms 
was considered plausible. Attempts to test this hypothesis di- 
rectly met with difficulties such as the problems of field 
study in populations not benefiting from public health and 
medical supervision, as well as the presence of other protec- 
tive genetic mechanisms such as G6PD deficiency and thalas- 
semia in the same populations. A protective effect of the HbE 
allele in heterozygotes and homozygotes was, however, 
strongly suggested. Comparisons between the geographical 
distributions of HbE and malaria had to take into account 
that in mainland southeastern Asia the main vector is Ano- 
pheles minimus, a forest mosquito that is abundant in hilly 
and mountainous areas. This fact causes the distribution of 
malaria to be opposite that of Mediterranean countries, 
where swamp and brackish water mosquitos are most impor- 
tant. In southeastern Asia malaria is a disease of the hills and 
forests. Indeed, it is in these areas that the frequency of HbE 
tends to be highest [41]. 

Eitness of the Genotypes Involving HbE and Thalassemia: Pro- 
blem of a Genetic Equilibrium. What are the conditions for 
change in gene frequencies and for genetic equilibria in 
such a system of three alleles (Hby^A, Hby^E, Hb/ 3 T; T is tha- 
lassemia)? To answer this question the fitness values (i.e., 
the selective advantages or disadvantages) of the various gen- 
otypes must be calculated. On the basis of gene frequencies 
in the nuclear Khmer group and the clinical manifestations 
in HbE homozygotes, the following values were derived: 

HhpE/HhpE: = 0.7 to 0.8 

BhpE/UhpA: = 1.05 to 1.2 

HhpA/HhpA: = 0.9 to 0.95 
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Fig. 12.21. Populations in which Hb^E has been observed. 
Shaded areas, high frequency; lightly shaded areas, moderate 

HbyST/HbyST: Wtt = 0 

Hhl3T/Hhl3A: = 1.05 to 1.2 

Hby^T/Hby^E: Wet = 0.2 to 0.5 

where w is the fitness of a certain genotype compared with 
average fitness in the population. 

Is a stable genetic equilibrium under these conditions pos- 
sible? Contrary to the two-allele system described in 
Eq. (12.6), selective advantage of heterozygotes in a triallelic 
system does not necessarily lead to a stable genetic equili- 
brium. Such equilibrium can be established only if certain 
conditions are fulfilled [104]. In this example, HbE and P tha- 
lassemia in Southeastern Asia, they are only partially met; 
the selective disadvantage of the compound heterozygote, 
Hb/3 T/Hb/3E, is too severe to permit a stable equilibrium. 
What do we expect of the distribution of HbySE and Hb/3T 
gene frequencies, and q^, in various population subgroups 
when there is a stable or semistable equilibrium, as compared 
with an unstable equilibrium or no equilibrium? A stable 
equilibrium would result in a clustering of the distribution 
points, which represents the HbE and ^-thalassemia {p^, qj) 
in a two dimensional coordinate system around a certain 
equilibrium point. If the equilibrium is only semistable, the 
clustering effect is lessened: After a disturbance of the equili- 
brium the distribution points do not necessarily return to the 
same equilibrium point as before but - as Penrose et al. 
(1956) [104] have shown - to some point lying on the straight 
line connecting the “unopposed” equilibrium points of Hb/3E 
and HhpT (where only one of the alleles exists). 

The distribution actually found [40] suggests that no stable or 
semistable equilibrium obtains. This means that the two al- 
leles Hby^E and Hb/3T tend to reduce one another below equili- 
brium frequency. This reciprocal effect is caused by the strong 
selective disadvantage of the compound heterozygote. 

Population Dynamics of Hb^E and HbpT. If the population is 
not at equilibrium, how quickly and in which direction are 



frequency; stippled areas, occasional observations. (From 
Flatz 1967 [40]) 

the gene frequencies expected to change? Or - if we look at 
the problem from the point of view of population history - 
how was the present distribution of gene frequencies at- 
tained? 

In the sections above, formulas for change in gene frequency 
from one generation to the next (Dq) were derived for special 
cases. In a similar manner it is possible to derive relevant 
equations to deal with the change in gene frequencies be- 
tween generations for a three- allele situation. In this way the 
speed of change in gene frequencies under different selection 
pressures can be examined. 

In Fig. 12.22, for example, gene E is introduced into a popula- 
tion with high T frequency. Both A/E and A/T heterozygotes 
have a high selective advantage; gene E replaces gene T. If 
the selective advantage of the A/E heterozygotes is lower, 
there exists a critical value of this advantage below which 
gene E can no longer replace gene T. Even if gene E were 
able to replace T, the speed of elimination would depend 
strongly on the initial frequency of E. There are also situa- 
tions, however, in which E cannot replace T, or might even 
be replaced by T, if T is introduced anew in the population. 
When both genes are introduced into a population for the 
first time, they both rise about identically, but after a certain 
time, E will probably rise to equilibrium frequencies while T 
drops out. 

Selection Relaxation. Malaria may be eradicated in south- 
eastern Asia in the future. The selective advantage of A/T 
and A/E heterozygotes would then no longer exist, but the 
disadvantages of E/E and T/T homozygotes as well as of E/T 
compound heterozygotes would still prevail. What would be 
the consequences for the frequencies of the E and T genes? 
Figure 12.23 shows two situations, the first with very high E 
and very low T frequencies (as in northeastern Thailand), 
the second with more similar E and T frequencies (as in cen- 
tral Thailand). In both cases the decline of each gene will be 
fairly rapid, especially at the beginning. 
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Fig. 12.22. a Elimination of Hb^T by Hby^E; high fitness of 
Hby^A/E and Hb^A/T heterozygotes; simulation of conditions 
with high selective pressure. Assumed fitness values: A/A i.o; 
A/E 1.225; A/T 1.2; E/E 0.7; E/T 0.25; T/-T 0. Note that HbE re- 
places thalassemia, b Elimination of Hb/ 3 T by Hb^E; Hby^A/T 
fitness lower than a. Fitness values: A/A 1.0; A/E 1.15; A/T 

1.125; E/E 0.8; E/T 0.25; T/-T 0.0 A/A 1.0; A/E 1.225; 

A/T 1.125; E/E 0.7; E/T 0.25; T/T 0.0. (From Flatz 1967 [40]) 



Implications of These Results for the Population History of 
Southeastern Asia. Today’s gene frequencies are the result 
not only of selection pressures but also of the demographic 
history of populations. More specifically, if an ecological si- 
tuation has led to different means of adaptating in two differ- 
ent populations - for example, adaptating to malaria in one 
population by Hh/SE and in the other by thalassemia - and 
if the two mechanisms are to a certain degree mutually exclu- 
sive, a comparison of gene frequencies with the known facts 
of population history may give some clues as to the genetic 
relationship of these populations. 

In southeastern Asia there is little evidence of a Neolithic cul- 
ture comparable to that found in Europe. Three stages of 
social development and ecological situations can be dis- 
cerned: 

1. Hunter-gatherer groups. Judging from similar groups that 
exist today, the habitat of these people was in forested areas 
in the hills and mountains. If it is assumed that the distri- 



bution of malaria was similar to current conditions, these 
hunter-gatherer populations must have been exposed to in- 
tense malaria pressure. Nevertheless, conditions for diffu- 
sion of a gene carrying heterozygote advantage were unfa- 
vorable because of the small size of the breeding popula- 
tion and the few possibilities for gene diffusion among 
them; the ultimate fate of even favorable mutations would 
in most cases be extinction. 

2. At about 1000 b. c., with the introduction of rice cultivation 
in irrigated fields, a social organization at the village and 
district level appeared. Most of the known settlements of 
this area were located at the margin of valleys. In such a 
society the conditions for diffusion of a gene maintained 
by protection against malaria were most favorable. The 
time available for the Hb^^T and Hby^E genes to become 
frequent (about 3000 years or 120 generations, assuming a 
generation time of about 25 years) was sufficient to attain 
the present-day frequencies as evidenced by Fig. 12.24. 

3. At present the majority of the population in most south- 
eastern Asian countries reside in the great river basins and 
deltas, which were generally uninhabitable in prehistoric 
times; social and political development since has permitted 
organized cultivation in the lowlands and led to the contin- 
ual migration of persons into the plains. Due to the special 
ecological requirements of the vector. Anopheles minimus, 
malaria is rare in the plains. Therefore the move to the rela- 
tively malaria-free plains is believed to have caused a con- 
siderable relaxation of selection against the Hby^A homozy- 
gote and a diminishing advantage of the Hh/ 3 E and Hb^^T 
heterozygotes. The two genes Hhj 3 T and Hb^E are indeed 
less frequent in the plains than in the adjacent hill areas. 

Comparison with Hb/ 3 S in Western Africa. In western Africa 
the principal malaria vectors are mosquitoes requiring open 
spaces and stagnant water for their propagation. The sickle 
cell gene was probably introduced to western Africa in the 
Neolithic Period concomitantly with improved agricultural 
methods (slash and burn farming). This development opened 
wide spaces for the malaria mosquitoes, leading to high en- 
demicity, which in turn set the stage for the spread of the 
sickle cell gene and establishment of its polymorphism. 
Similar trends with the introduction of agriculture in two dif- 
ferent populations in the presence of different ecological re- 
quirements of the mosquitoes led to the establishment of the 
Hb/ 3 S polymorphism in the plains in Africa and of the 
Hb/ 5 E polymorphism in the hills of southeastern Asia. 

Hemoglobin pE in the Austroasiatic (Mon-Khmer) Language 
Group. The Austroasiatic language group now comprises the 
Khmer (Cambodia), tribal languages in Vietnam, Mon in 
lower Burma, western and northern Thailand, tribal langua- 
ges in Thailand, Burma, and southern China, and several lan- 
guages in Assam and Bengal. Historical and linguistic evi- 
dence suggests that the entire area of mainland southeastern 
Asia, with the exception of southern Malaysia and parts of 
Vietnam, was inhabited by Austroasiatic people until the fifth 
or sixth century AD when large-scale migration began. 

Figure 12.25 compares the areas of Austroasiatic languages, 
past and present, with the areas in which the Hb/?E gene is 
polymorphic. The congruence is evident; the most likely ex- 
planation is a concomitant diffusion process: Hb/ 3 E may 
have emerged in an original Austroasiatic group, and both 
Hh/SE and Austroasiatic language and culture gradually dif- 
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Fig. 12.23. a Simulation of conditions in 
northeastern Thailand with assumed selec- 
tion relaxation. A/A = A/E = A/ T = 1.0; E/E 
0.7; E/T 0.25; T/T o. b Selection relaxation 
under conditions found in river basin areas 
(e.g., central Thailand). A/A 1.0; A/E 1.0; A/ 
T = 1.0; E/E 0.7; E/T 0.25; T/T 0 
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fused throughout mainland southeastern Asia. The dynamic 
models (Fig. 12.22) indicate that this diffusion could have oc- 
curred in a population with preexisting high thalassemia fre- 
quency, as the Hb/ 3 E gene replaces thalassemia genes under 
many selective conditions. 

As noted, other austroasiatic groups have migrated 
into other parts of South Asia. In such groups, HbE 
is expected to occur, - especially if their present habi- 
tat was Malaria-infested. In the Khasi of Assam, and 
Austroasiatic group, this prediction was confirmed. 
But a Mongoloid group, the Ahom, also showed high 
HbE frequency; this group had immigrated to Assam 
from Thailand - and apparently had picked up the 
gene Hb^E there. 

Some General Conclusions from the Studies on HbE 
and Thalassemia. The studies on HbE and thalasse- 
mia in southeastern Asia lead to more general conclu- 
sions for the interpretation of population differences 
in gene frequencies. They show how these differences 
in gene frequencies may be determined either by po- 
pulation history or natural section. 
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Fig. 12.24. Both HbySE and Hby^T start with low frequency; 
rise of Hb/ 3 E to equilibrium frequency, initial rise and subse- 
quent elimination of Hby^T. A/A 1.0; A/E 1.0; A/T 1.125; E/E 
0.75; E/T 0.25; T/T 0. (From Flatz 1967 [40]) 

Comparing populations exposed to the same relevant 
ecological agent - in this case malaria - we find a de- 
finite genetic difference caused by different popula- 
tion histories. In one population adaptation to the 
agent was achieved by the Hb)8E gene and in the oth- 
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Fig* 12*25, Polymorphic distribution of Hb^E in mainland 
southeastern Asia [Zi former Q and present ITTIID distribu- 
tion of Austroasiatic (Mon- Khmer) languages, (From Flatz 
1967 [40]) 



ers by /3 thalassemia genes. Both adaptations were 
shown to be mutually exclusive up to a certain de- 
gree. Since HbE/E homozygotes are less severely af- 
fected than the HbT/T homozygotes, adaptation 
through the Hb/ 3 E gene offers antimalaria protection 
at a lower price and tends to replace adaptation affor- 
ded by the P thalassemia gene. These results will be 
obtained in the long run in spite of a counteracting 
force, the partial mutual exclusiveness of the two 
genes that is caused by strong selection against the 
compound heterozygote. 

Comparing populations that have been exposed to 
malaria in different degrees, we also find definite 
genetic differences. In populations of the hilly areas 
Hb^E and thalassemia tend to be more frequent than 
in the plains, where there has been less malaria. This 
is expected but provides little information about the 
ethnic relationship between populations of hills and 
plains. Resolution of this ambiguity required knowl- 
edge of the selective agent - in this case, malaria. 

Refinement of Analysis by Study of DNA Polymorph- 
isms [7, 61]. Studies of DNA polymorphisms in the 
area of the Hb /3 gene that carries the mutations for 
both HbE j 3 thalassemia have led to a refinement of 
these conclusions, but posing at the same time a 
new problem regarding the origin of the Hb/ 3 E mu- 
tant. DNA polymorphisms may occur not only in the 
neighborhood of a gene but also within a gene itself, 
for example, in introns or even in the coding region. 
Identical mutations may occur within different haplo- 



types. The Hb^E mutant has been observed in two 
different haplotypes. 

Haplotypes were identified unambiguously in most 
subjects either because they were homozygous in all 
sites, or they were heterozygous in one site only, or 
by appropriate family studies. The following conclu- 
sions are based on a combination of all available 
data [7, 61, 97]: 

1. Hb/?E is observed in Southeast Asia in two within- 
gene haplotypes: no. 2, and no. 3 Asian. 

2. These within-gene haplotypes occur in combina- 
tion with gene restriction sites outside forming no 
less than 11 different haplotypes. 

3. Distribution of these haplotypes differs strongly 
between individuals with the Hb^E gene and nor- 
mal homozygotes: Hb^A occurs in more than 
80 % in one haplotype, whereas HhfE is combined 
preferentially with another. 

4. Within-gene haplotype no. 2 is observed in Hb/?E 
subjects from northern and northeastern Thai- 
land, whereas type 3 Asian occurs exclusively 
among the Khmer-speaking population group of 
Cambodia. 

Occurrence of various rarer haplotypes in addition to 
the above common ones can be explained easily by 
simple or, in some instances, repeated crossing over. 
However, the occurrence of Hb/ 3 E mutants in two dif- 
ferent within-gene haplotypes found in different po- 
pulation groups cannot be explained easily. Again, 
as in the sickle cell case, where independent HhfS 
mutations in no less than four adjacent populations 
were postulated (see above), the obvious - and most 
conventional - explanation seemed to be that the mu- 
tation had occurred independently in the two groups; 
after observation of Hby^E in Europeans even a third, 
independent origin has been tentatively postulated 
[68]. In distinction to the HhfS mutation, which is a 
rare transversion, the Hb/ 3 E mutation (position 26; 
GIu Lys) is a C T transition and thus is one of 

III ^11 

G A 

the more common types of mutations (Sect. 9.4). 
However, to assume that such an unlikely coincidence 
- two or more independent, identical mutations not 
only occurring but also establishing themselves in 
adjacent population groups and, in southern Asia, 
even within the same haplotype, and that this hap- 
pened twice, in Africa and Asia - is too unlikely a co- 
incidence. Alternative explanations must be sought. 
Repeated, conventional crossing over appears to be 
very unlikely [7]. In our opinion, it is again much 
more likely that all Hb/?E mutants derive from only 
one mutational event, but that, in addition, gene con- 
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version between different haplotypes within the gene 
occurred. This alternative had also been envisaged 
by the original investigators [61, 68]. 

Studies on Sickle Cell Polymorphism in Africa: A Sto- 
chastic Model for Replacement of One Allele by An- 
other. Similar studies have analyzed the population 
history of western Africa together with exposure to 
malaria and the frequencies of the genes for Hb^S 
and HbySC. The situation is similar to that encoun- 
tered for Hb^E and thalassemia in southeastern 
Asia: there are two alleles, HbySS and Hb/ 3 C, offering 
protection against malaria - with different fitness va- 
lues Wj of homozygotes and heterozygotes and with 
strong selection against the double heterozygote. Fig- 
ure 12.26 a shows changes in gene frequencies conco- 
mitant with replacement of allele BhjSC by Hb^S, 
the decisive factor here being the higher selective ad- 
vantage of the heterozygote for Hb/?S compared with 
the heterozygote for Hb^C. The selection model is 
deterministic, as the model used for HhfE and tha- 
lassemia. Population size is assumed to be infinite. 
In Fig. 12.26 b, on the other hand, the size of the effec- 
tive breeding population (Sect. 13.3.1) is assumed to 
be 1000, and the resulting chance fluctuations are al- 
lowed for. This model is stochastic. The general ten- 
dency is the same as in Fig. 12.26 a; however, chance 
fluctuations are obvious. 

Thalassemia and Malaria in Melanesia. It is very 
likely that selection due to malaria has also been the 
decisive factor causing the high incidence of various 
types of thalassemia in many tropical and subtropical 
areas. A recent study on thalassemia in Melanesia 
has provided new and, in our opinion, convincing 
evidence [43, 44]. As a rule, this type of thalassemia 
results from the loss of a single a-globin gene, for ex- 
ample, by unequal crossing over (Sects. 7.3; 5.2.8). 
Quite a few such deletions can be found; even identi- 
cal mutants may occur within different haplotypes. In 
Melanesia and, especially, in New Guinea, the popula- 
tion is divided into many small, genetically isolated 
subgroups. There is a strong correlation with former 
infection rates by malaria; villages at mountain sites, 
where malaria infections were low according to sta- 
tistics from preeradication times, show low frequen- 
cies of mutant genes, whereas severely infected areas 
in the plains display high - sometimes very high - 
gene frequencies. When islands in Melanesia are 
compared, the same correlations are found. Some is- 
lands in which, according to reliable evidence, malar- 
ia had never been present, show a certain number of 
mutant genes. However, since the population history 
is fairly well known, this could easily be explained 
by migration. In addition to the conventional expla- 
nation for identical mutants found in different haplo- 



types - independent mutation - the authors also dis- 
cuss gene conversion [44]. 

In western Africa, as in southeastern Asia, research 
on abnormal hemoglobins has contributed to our 
knowledge of population history. There are other 
areas in the world in which such studies could help 
in a similar way - in which population history is 
complicated and further studies of G6PD and hemo- 
globin variants are required. One such area is India, 
especially in the south and east. 

Several types of G6PD deficiency coexist in poly- 
morphic frequencies in the Philippines and in Thai- 
land, unlike the presence of only two principal G6PD 
variants (A“ and A"^) in African populations. Pre- 
sumably, population mixture of groups who original- 
ly carried only a single G6PD mutation brought about 
this situation. More studies on the relevant variants 
and on population history in these parts of Asia are 
required for a detailed analysis of this problem. 



12.2.1.8 Selection in the ABO Blood Group System 
and in Other Polymorphisms 

ABO Blood Groups and Disease. No other human ex- 
ample could be analyzed as thoroughly as the interac- 
tin between hemoglobin and G6PD variants and ma- 
laria. However, it may be useful to discuss some diffi- 
culties in arriving at a clear picture in another, much 
more complicated and controversial example: the 
ABO blood groups. As noted above, one aspect of 
selection in this system is generally accepted, al- 
though there is no agreement as to the extent of selec- 
tion: serological mother-child incompatibility. How- 
ever, such incompatibility leads to an unstable equili- 
brium and to slow changes in gene frequencies 
(Sect. 12.2.1.4). In the absence of other modes of selec- 
tion the polymorphism would slowly disappear. Con- 
trary to this prediction, the ABO polymorphism is 
present in almost all human populations. This find- 
ing suggests other selective factors. Do we have posi- 
tive evidence for such selection? 

ABO Blood Groups and Infectious Disease. Widespread disease 
associations have been reported for the ABO blood groups 
(Sect. 6.6.2). For example, carriers of type A are more suscep- 
tible to a number of malignant tumors and some other dis- 
eases, whereas those with type 0 show a higher susceptibility 
to gastric and duodenal ulcers. Moreover, rheumatic fever for 
which immune mechanisms are undisputed [131] is also asso- 
ciated with blood group; the risk of being affected is lower for 
group 0 than for A, B, or AB. While possibly leading to a 
higher average chance of group 0 carriers to survive to a 
more advanced age, these associations presumably had little 
if any influence on natural selection, as most of them affect 
individuals of middle and older age, i. e., after reproduction. 
However, they show a fundamental influence of the ABO anti- 
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Fig. 12.26. a Replacement of 
HhfiC by Hh/ 3 S due to higher 
selective advantage of the het- 
erozygote Hb/ 5 A/S as compared 
with the heterozygote Hby^A/C. 
b Computer simulation of the 
model shown in Fig. 12.23 a, but 
assuming an effective breeding 
population of N = 1000 and al- 
lowing for chance fluctuation of 
gene frequencies. (Note slight 
differences in fitness of AC, SC 
and CC as compared with 
12.23 a). (Adapted from Living- 
stone 1983 [73]) 




gens on body physiology. More specifically, the data on rheu- 
matic fever suggest that this influence may have something to 
do with the immune response. Even the associations of A 
with cancer and of 0 with peptic ulcers may be due to differ- 
ences in immunological response. 

Infectious diseases specifically challenge the immune 
response of the organism. If this response is influ- 
enced by the ABO blood group, selection by differen- 
tial susceptibility to infections could cause differen- 
tial mortality in childhood and youth. 

Distribution of ABO Alleles in the World Population. 
Figure 12.27 shows the distribution of the alleles A, 
B, and 0 [94]. This distribution suggests an influence 
of natural selection. Had it been caused by chance 
fluctuation of gene frequencies, all possible combina- 
tions of gene frequencies of the three alleles should 
have appeared. This, however, is not the case. Only a 
limited number of the possible combinations are ob- 
served [17]. 

Certain clues regarding the kind of selection can be 
derived from the distribution of allele 0. This allele 



is usually frequent in populations that have lived for 
a long time in relative isolation, such as aborigines 
of Australia and Polynesia, the Arctic, and northern 
Siberia. Also within Europe certain isolated popula- 
tion groups usually have high frequencies, for exam- 
ple e.g., Irish, Basques, Icelanders, Corsicans, Sardi- 
nians, and those in the Valais district of Switzerland. 
An especially high frequency of allele 0 is found 
among the Indians of Central and South America, 
setting them apart from other populations. The dif- 
ferences in other polymorphisms, for example Rh, ar- 
gue against the hypothesis that all these areas were 
once inhabited by a homogeneous population with 
high 0 frequency. The data are suggestive of natural 
selection. What kind of selection might have led to 
an increase in gene frequencies in relatively isolated 
areas - or, conversely, to a decrease in areas in the 
mainstream of world “traffic”? Plausible candidates 
include infectious diseases, especially the great epi- 
demics of the past. 

In Sect. 12.2.1.6 the following groups of infectious dis- 
eases have been mentioned as possibly important for 
natural selection: 
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a) Recurrent epidemics such as plague, cholera, and 
smallpox. 

b) Chronic infections, for example, tuberculosis and 
syphilis. 

c) Intestinal infections mainly in children. 

d) Tropical diseases of children and young adults. 

Unlike the polymorphic hemoglobin variants, which 
are confined to tropical countries, the ABO poly- 
morphism is found all over the world. Therefore tro- 
pical diseases are unlikely to play a major role in se- 
lection. Three aspects could be used for constructing 
a testable hypothesis: 

1. The population of Central and South America was 
almost completely isolated before Columbus’ arri- 
val and may have had a special group of infections 
not shared by the rest of the world population, e. g., 
syphilis and, possibly, related treponemal diseases. 
Blood group 0 is extremely frequent in these popu- 
lations. Is there any evidence for an advantage of 
group 0 toward infection with Treponema palli- 
dum, the microorganism causing syphilis? 

2. Plague repeatedly devastated Europe, mainly af- 
fecting densely populated areas. Marginal and par- 
tially isolated populations that may have been less 
affected usually show high group 0 frequencies. Is 
there any evidence for a disadvantage of blood 
group 0 in coping with the plague bacillus? 

3. Smallpox was not eradicated until the mid 1970s. 
Up to that time it had been frequent in many coun- 
tries. Therefore modern statistics as to frequency 
and death rate are available, especially for Africa 
and the Indian subcontinent. ABO distributions 
are fairly well known for these areas. The blood 
group with the higher susceptibility should be 
rarer in areas with high smallpox rates. Is there 
any evidence for this prediction? 

Syphilis and Blood Group 0 . We are faced with the 
problem of judging the influence of an infection on 
differential biological fitness in a population before 
1492. However, just as in the example of sickle cell 
protection vis-a-vis malaria (Sect. 12.2.1.6), the most 
convincing indirect evidence would be that posses- 
sion of group 0 conveys an advantage for coping 
with this infection. Such a hypothesis can no longer 
be tested since syphilis is treated with penicillin so 
successfully that individual differences in outcome 
due to different immune responses no longer apply. 
In the 1920s, however, penicillin therapy was not 
available, and at that time comprehensive data on 
blood groups and syphilis were collected and ana- 
lyzed, with the following results [131]: 

a) There was no association between the risk of new 
syphilis infection and ABO blood groups. 




Fig. 12.28. Relative incidence of tertiary syphilis in relation to 
the ABO blood groups. (From Vogel and Helmbold 1972 [135]) 



b) However, after the customary therapy at that time 
- neosalvarsan - individuals with group 0 had a 
much better chance of becoming seronegative 
than did those with the other blood groups. 

c) Tertiary syphilis, such as general paralysis, was 
less frequent in blood group 0 than in the other 
ABO blood groups (Fig. 12.28). 

Hence, the combined data suggest an advantage of 
group 0 in the immune response to syphilis. Thus, 
the prediction derived from the hypothesis can be 
verified. If syphilis influenced reproduction, this ef- 
fect resulted mainly through infection of the fetus by 
a syphilitic mother. Such an infection is known fre- 
quently to lead to late fetal death. The evidence thus 
allows the tentative hypothesis that the high frequen- 
cy of group 0 in Central and South American Indians 
is due to selection by syphilis and related treponema 
infections if these infections did come from 
America, if they were widespread in earlier times, if 
they did influence survival of children or fertility of 
their mothers, and if no other selective agents were 
responsible. 

Cholera and Blood Group 0 [48]. A clear association of ABO 
type and a lethal endemic infectious disease has come from 
recent large-scale studies dealing with cholera in Bangladesh. 
While patients with diarrhea due to rotavirus, Shigella, toxi- 
cogenic E. coli, or nontoxicogenic cholera had blood group 0 
frequencies similar to controls (about 30%), patients infected 
with toxicogenic vibrio cholerae had a blood group 0 fre- 
quency of 57%. This difference was statistically highly signif- 
icant. Among family members infected with the toxicogenic 
cholera strain there was a statistically significant tendency 
for the frequency of group 0 to increase with increasing se- 
verity of diarrhea. Severe diarrheal epidemics had been de- 
scribed in the past in this area, and were most probably 
caused by cholera. The low frequency of blood group 0 in 
this region may have been induced by a higher susceptibility 
to cholera, with resulting death of blood group 0 carriers. 
The mechanism of the interaction remains obscure. 

Plague and Blood Group 0. Was plague related to the distribu- 
tion of Group 0 in Europe? In distinction to syphilis and cho- 
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lera, no blood group data on plague are available. The disease 
is very rare now; it occurs principally in areas inaccessible to 
research workers. Therefore indirect evidence must be exam- 
ined. 

In Sect. 12.2.1.5 on frequency-dependent selection it is men- 
tioned that parasites may adapt to their hosts by producing 
surface antigens common to those of the host, thereby de- 
ceiving the host’s immune response. Evidence of this has 
been collected for vertebrates and their parasites [21, 27, 28]. 
It has been known since the late 1950s that humans share 
ABH-like antigens with a great number of bacteria, especially 
those of the E. coli group. Even the “normal” anti-A and anti- 
B isoantibodies are thought to be immune antibodies against 
ubiquitous infections with intestinal germs. It was therefore 
of interest to investigate whether Pasteurella pestis had 
ABH-like antigens [105, 106]. H antigen, which is much 
more abundant in the human group 0 than in other blood 
groups was indeed detected. This finding suggests a poorer 
immune response against P. pestis in group 0 individuals 
and agrees with the assumption that 0 individuals may have 
had a selective disadvantage due to a higher death rate from 
plague. Needless to say, this finding does not prove the hy- 
pothesis. 

Does a Common Blood Group Antigen of the Micro- 
organism Impair the Immune Reaction of the Host? 
E. coli and Infectious Diarrheas. The next step in test- 
ing this hypothesis would be to examine whether 
communality of a blood group antigen impairs the 
immune response of the human host. As noted, such 
a study cannot be carried out with plague since no 
plague patients are available for examination. How- 
ever, this approach has become possible for another 
group of diseases that are caused by bacteria whose 
ability to synthesize ABH antigens is well known - 
the E. coli group. In the 1950s and early 1960s central 
Europe was swept by a succession of waves of infec- 
tive infant diarrhea. The causative organisms were 
identified as E. coli, which by serological examination 
of their antigen profiles could be subdivided into var- 
ious substrains. The outcome, unlike in earlier times, 
was rarely fatal because of therapy with antibiotics, 
plasma and fluid infusions. 

In the early 1960s the Austrian pediatrician Kircher 
[71, 72], observed a more severe course of infant diar- 
rhea in patients of group A than in those of other 
blood groups. This topic was restudied, drawing on 
comprehensive data that had been collected over 
many years and could be compared with suitable 
controls [138]. Definite heterogeneity was found; in 
some years A patients were frequently affected and 
in others 0 carriers were common (Fig. 12.29). From 
the case histories a number of clinical criteria for se- 
verity of the disease were elaborated, for example, in- 
fusions given to the more severely afflicted infants 
(Table 12.19). In the years with higher incidence for 
group A there was a more severe course of the dis- 
ease. In the years in which group 0 had a higher inci- 




Fig. 12.29. Relative incidence of blood group A as compared 
with 0 among 1200 children with infant diarrhea in Heidel- 
berg, Germany 1956-1963 (From Vogel and Helmbold 1972 

[135] 



Table 12.19. Course of infant diarrhea due to E. coli in 396 pa- 
tients (from Vogel et al. 1964 [138]) 



Variable 

compared 


1956 and 
1960-1963 


1957-1959 




A 


0 


A 


0 


Patients wilh plas- 
ma infusions (%) 


56.6 


39.4 


41.9 


52.3 


Loss of body 
weight (g) 


161,0 


137.1 


154.0 


158.6 


Average frequency 
of stools 


6.10 


5.42 


5.95 


6.0 


Highest body 
temperature (“C) 


38.40 


38.18 


38.51 


38.60 


Time in hospital 
(days) 


26.54 


26.13 


23.67 


28.10 


Gain of body 
weight (g) 


577.S 


549.0 


506.3 


585.6 



dence infants of this blood group were somewhat 
more severely affected. This tendency was especially 
pronounced in that part of the data in which specific 
E. coli strains were identified. 

Studies on various serologically identifiable E.coli 
strains during these years suggested that the observa- 
ble differences were probably related to correspond- 
ing variations in strains of E. coli. 

Blood group associations with infant diarrhea have 
been shown in other series as well [110, 121], and the 
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antibody titers against E.coli 086 were found to be 
higher in persons of groups A, B, and AB than in 0 , 
indicating that these individuals had more serious in- 
fections [34] (Fig. 12.30). The involved E.coli strain is 
known to have B and also A antigen. In view of the 
specificity of these associations, it is not surprising 
that some association studies of E. coli diarrhea and 
ABO blood types also had negative results [129]. 
These results make it likely that the proposed mech- 
anism - antigen communality between parasite and 
host - may indeed lead to a more severe infection if 
the host is human and the antigen is part of the 
ABH system. By analogy, the H antigen of the plague 
bacillus could have led to more severe disease among 
carriers of group 0. Thus, selection against this allele 
would occur. 

One of the ABO blood group associations that was 
discovered as early as the 1950s and has been recon- 
firmed abundantly in the following years was that be- 
tween group 0 and peptic ulcer (Sect. 6. 2.2.1). How- 
ever, the pathogenetic mechanism eluded all attempts 
at understanding. Much more recently, however, it 
has been discovered that a micro-organism, Helico- 
bacter pylori, is involved in pathogenesis of gastric 
and duodenal ulcer; this suggested that this organism 
is responsible for the blood group association. This 
hypothesis has been confirmed [15]. The bacterium 
attaches to Lewis receptors at the surface of mucosa 
cells; these receptors are diminished in blood groups 
A as B compared with group 0 . 

ABo Blood Groups and Smallpox. The question of a possible 
blood group association with smallpox is still more contro- 
versial than the associations discussed above but is cited 
here because the experimental rationale may be used as a 
model for future research on interactions between a virus 
and a human host. 

After the hypothesis was elaborated that the human ABO dis- 
tribution is related to great epidemics, and that antigen com- 
munalities are the decisive variable, vaccinia virus was exam- 
ined for ABH activity. For technical reasons these investiga- 
tions were carried out not with the smallpox (variola) but 
with the closely related vaccinia virus. Strong A activity was 
found [105, 137]. This suggested an obvious immunological 
mechanism for a disease association. During viremia with 
smallpox a virus having A antigen is partially inactivated by 
the anti-A antibodies present only in those of group B or 0 
but not in A and AB individuals who lack anti-A. Therefore 
a more severe couse of smallpox is expected in patients with 
groups A and AB. As smallpox affects children and is often 
fatal, such a blood group difference would have a strong im- 
pact on selection. 

The result on A-like antigen in the virus has been challenged 
[54]. The A antigen was said to be derived not from the virus 
but from the medium on which the virus was grown. At the 
time of these studies the possibility that viruses could take 
up material of the host into their own capsids was still un- 
known. Evidence for such a mechanism has now been put 
forward to explain the different clinical reactions to infec- 




Fig. 12.30. Antibody titers in the ABO system against E.coli 
086 in individuals with various blood groups. (From Eichner 
et al. 1963 [34]) 

tions with the hepatitis B virus. This virus appears to take 
up serum proteins - especially y-globulins - and to transfer 
them to the new host, whose immune reaction may depend 
at least in part on the similarity of these components with 
his own genetically determined proteins. 

Association Studies on Smallpox Patients Yield Contradictory 
Results. The prediction that individuals of groups A and AB 
would be more frequently and severely afflicted with small- 
pox has been repeatedly tested, with conflicting results. One 
study of 986 fresh and former smallpox cases showed the re- 
lative incidence was shown to be much higher in persons of 
groups A or AB than in those with B or 0 [34]. The same ten- 
dency was apparent when severity of clinical symptoms and 
mortality were considered [134] (Fig. 12.31). Furthermore, in- 
dividuals who had survived earlier smallpox epidemics 
showed a slight excess of groups B and 0 - an indication of 
the high death rates of A and AB. Among the survivors severe 
scarring was, again, more frequent in groups A and AB. This 
study was carried out in Indian villages during a smallpox 
epidemic; the sibs of the affected probands who remained 
healthy despite similar exposure to the infection were used 
as controls. Almost none of the individuals, affected or heal- 
thy, had ever been vaccinated. This research design maximi- 
zes differences in blood group distribution between patients 
and controls, while reducing possible errors due to popula- 
tion stratification as much as possible. 

No study with such a design has ever again been carried out. 
However, two studies on hospital populations in Indian cities 
[31, 124] and one study from Brazil with a milder variety of 
smallpox [74] failed to confirm this association. There is one 
likely explanation of these discrepancies: The study on small- 
pox in Indian villages [134] was performed mainly in chil- 
dren. No information on the age distribution of the patients 
was published for the two Indian hospital studies, but back- 
ground information suggests that most patients may have 
been adults. As noted (Sect. 12.2.1.6), the selective advantage 
of HbS heterozygotes is present only in young children; sur- 
viving adults are highly immunized irrespective of their HbS 
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Frequency Seventy of Mortality Surviving Severity of 

symploms cases conn- smallpox in 

pared with surviving 
controls coses 



Fig. 12.31. Relative incidence of smallpox in blood group 
A + AB and B + 0 patients. From left to right: incidence (437 
fresh cases vs 428 unaffected control siblings); 300 cases 
with severe vs 137 cases with mild symptoms; 225 patients 



who died from smallpox vs 212 survivors; blood group distri- 
bution among 428 surviving patients in comparison with 324 
controls; severe vs mild smallpox scars among 548 smallpox 
survivors (From Vogel and Helmbold 1972 [135]) 



types. The same might easily have been true in smallpox: un- 
til the time of its systematic eradication, this infection was al- 
most endemic in large parts of India. High titers of hemag- 
glutination-inhibiting variola antibodies were indeed found 
in many individuals who lived in these areas but had no his- 
tory of clinically discernible affliction with smallpox and 
had never been vaccinated [19]. However, the evidence re- 
mains contradictory, with little chance to settle the matter 
by direct examination since smallpox has been eradicated. 

Blood Group A and Smallpox in the World Population. As 
noted, smallpox was frequent in many populations up to the 
early 1970s, and comprehensive population statistics are 
available. If smallpox has been an important selective agent 
against allele A, a negative correlation between A frequency 
and smallpox frequency or mortality must be expected. This 
negative correlation was found for the Indian subcontinent 
[10] and for Africa [130], when the frequency of type A in 
various subpopulations was compared with the occurrence 
of smallpox (Table 12.20). 

The correlations are in the direction expected if selection by 
smallpox were in fact important, but of course they do not 
prove it. 

Distribution of ABO Blood Group Genes in the World 
Population and Selection by Infectious Diseases. 
What aspects of the world distribution of ABO alleles 
might be explained by these selective mechanisms, 
and which ones elude explanation? The following 
highly tentative conclusions can be drawn: 

a) The extremely high 0 frequency in Central and 
South America could be due to advantage of 0 in 
the presence of syphilis. 



Table 12.20. Negative correlation between incidence of small- 
pox and frequency of blood group A 



India and 

Pakistan 

(mortality) 

Africa 

(morbidity) 



Number of 
population 
groups 



18 



27 



No. of indi- 
viduals in- 
cluded in the 
calculations 

S 7153 



195313 



Spearman- 
Rank corre- 
lation 



p ^ -0.634, 

p<0.01 

g - - 0 . 499 , 

p<0.01 



b) The higher frequency of 0 in marginal European 
populations could be caused by lower selection 
against 0 carriers by plague and cholera. 

c) The relatively low A frequencies in central and 
southern Asia could be due to selection by small- 
pox. In the same areas, gene 0 is also less frequent, 
the gap being filled by allele B. This advantage of 
group B could be due to long-standing selection 
against type A by smallpox as well as against 
type 0 by plague and cholera. 

In view of the strong and long-standing selection 
against gene A it is justifiable to ask why this blood 
group is still present in these populations. It is con- 
ceivable that another, still unknown, selective advan- 
tage of A exists? 
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One aspect of the world ABO distribution cannot be 
explained satisfactorily. Why is allele B so frequent 
in central and southern Asia and so rare in most 
other areas? Long-standing selection against types A 
and 0 may be part of the story. Interaction of the hu- 
man host with intestinal germs - and possibly foods 
containing ABH-like antigens - is one of the major 
unknown factors in ABH selection [99]. 

These studies were performed at a time when little 
was known about the physiological function of ABO 
specificities - or those of other blood groups such 
as the Lewis and P systems and the genetically deter- 
mined ability of secreting ABH substances. When the 
main steps of the immune response were elucidated, 
(Sect. 7.4), protein components necessary for cell re- 
cognition and interaction of cells - far beyond the 
requirements of the immune response - became 
known in great detail; but the glycoproteins and gly- 
colipids of the cell surface went largely unnoticed. 
Meanwhile this has changed, and their role in cell re- 
cognition and, especially, host defense is being re- 
cognized [11, 143]. For example, the group P and 
ABH substances have been shown to act as receptors 
for attaching E. coli to the cell surface; such receptor 
binding is necessary, for example, for urogenital in- 
fections [81, 86, 87]. These substances belong to a 
much larger group of compounds, the lectins [115], 
which were first detected in plants but are present in 
many other living beings as well. They play an im- 
portant role not only in the process of infection but 
also in cell differentiation, organ formation, lympho- 
cyte migration, and metastasis of malignancies. Re- 
search on ABO-disease associations began in the late 
1950s and 1960s with much enthusiasm but were 
discontinued in the late 1970s and later; one reason 
may have been a certain disappointment since it 
seemed impossible to formulate specific hypotheses 
as to the mechanisms involved. Here studies on lec- 
tins are opening up a new field for statistical studies 
guided by explanatory hypotheses. It is very well 
possible, for example, that similarities in surface an- 
tigens between hosts and infective germs, as discus- 
sed above for E.coli caused diarrheas, may modify 
germ-host interactions, leading to blood group spe- 
cific differences in susceptibility to many infections. 
In view of the widespread occurrence of lectins in 
plants, it may even be possible to find connections 
to human polymorphisms of ABO-specific and/or 
other cell surface antigens and certain aspects of nu- 
trition - a new and promising field of ecogenetics 
(Sect. 7.5.2). 

The experiences with Hb^E in Thailand (Sect. 
12.2.1.7) suggest that such frequency dines in popula- 
tions are difficult to interpret. They may reflect popu- 
lation history and gene diffusion, but they may also 
indicate dines in selection intensities. 



Lesson of Studies on ABO Blood Group Selection for 
Research on Natural Selection in Human Populations. 
In spite of their shortcomings, studies on selection 
and the ABO blood groups have been described ex- 
tensively for their possible significance: 

a) It is an oversimplification to treat selection as 
constant over long time periods in the same popu- 
lation. For the main selective factor of the hemo- 
globin variants, Plasmodium falciparum, this 
oversimplification might hold true for many cen- 
turies or even millennia since malaria remained 
endemic as long as the ecological conditions for 
the mosquito vector did not change. Many other 
infections, on the other hand, come and go as epi- 
demics. Here, selection may change even over 
short time periods. Sometimes cataclysmic events 
may result that will long be remembered in his- 
tory, such as the plague epidemics of the Middle 
Ages. In other cases some infections may not be 
recorded, such as infantile diarrheas. The variety 
of selective agents and their change over time is 
an almost all-pervading element. 

b) In such a situation genetic variability in itself may 
be an advantage for the species. If one epidemic 
kills almost all individuals carrying one genetic 
variant only, many of those survive who have 
other variants and are therefore less susceptible. 
The next epidemic may wipe out this variant but 
favor the first. This may lead to a dynamic situa- 
tion in which gene frequencies oscillate over 
time, depending on the prevalent selective agents. 
Data on blood group determination of bones 
from the fifteenth to the seventeenth centuries 
have been interpreted as evidence of such oscilla- 
tions [69]. In view of the difficulties of accurate 
ABO blood group measurements in ancient bones 
and mummies due to bacterial cross reactions, 
these results must be considered with caution. If 
genetic variability in itself is an advantage, no sin- 
gle optimum genotype exists. 

c) The fact that an unstable polymorphic situation 
conveys advantages for survival of the species 
does not account for maintenance of such a situa- 
tion. Considering the small population sizes in 
isolated groups of earlier human history, one 
would expect many more populations to have be- 
come monomorphic in the course of time. To 
maintain a polymorphism, a stabilizing element 
is required. It has been suggested that this stabi- 
lizing element may have been frequency- depen- 
dent selection (Sect. 12.6.15). 

Genetic Susceptibilities and Infectious Disease. The 
foregoing sections have discussed examples of genet- 
ic selection vis-a-vis infectious disease. Future work 
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in this field will most likely be successful when con- 
cerned with diseases causing maximum selection. 
Endemic diseases, because they act at all times, are 
more effective agents than epidemic diseases, which 
act episodically. Diseases that affect a large portion 
of the population are more effective as selective 
agents than those limited to restricted segments of 
the population. Diseases that kill children are more 
effective selective agents than those compatible with 
survival or those affecting principally adults, particu- 
larly after their reproductive period. 

Natural Selection by Infectious Agents Is Likely for 
the MHC Polymorphism. Apart from the ABO blood 
groups, associations with infectious diseases have 
also been claimed for a number of other genetic 
polymorphisms. The best a priori candidates for 
such associations might be the polymorphisms of 
the major histocompatibility complex (MHC) and 
especially the HLA genes. At present information 
on associations of HLA types with major infectious 
diseases is scarce. Most scientists interested in this 
genetic system are working in countries where the 
major epidemics have been eradicated or have lost 
much of their importance to public health. However, 
studies of HLA and disease have shown the MHC to 
be a major component in the genetic variability of 
immune response in humans (Sect. 5.2.5). Therefore 
associations with epidemic diseases and a strong in- 
fluence of natural selection on gene frequencies can 
safely be predicted. In fact, HLA associations with 
leprosy [29, 140], typhoid, and malaria [108] as 
well as immune responsiveness to streptococcal and 
tetanus [114] antigens have been suggested (Ta- 
ble 12.21). 

Malaria has been a major selective agent in many tro- 
pical and subtropical countries. Therefore it is sur- 
prising how little the problem has been studied of 
whether certain HLA alleles or haplotypes common 
in those populations may afford protection against 
this infection. A well-designed case-control study on 
several hundred children in Gambia [58] showed 
that both a class I allele, BW53, and a class II haplo- 
type, DRBi'^1302-DQBHo50i, afford relative protec- 
tion against falciparum malaria. Both were decreased 
significantly among children up to the age of 10 years 
when those suffering from severe malaria were com- 
pared with mild cases, and when patients as an over- 
all group were compared with adults from the same 
area. Both HLA types are unusually common in that 
population. It is likely that ABO selection will be re- 
garded in the future as a minor factor compared to se- 
lection due to components of the MHC locus. 

Does Genetic Liability to Atopic Diseases Lead to an Increased 
Resistance to Helminth Infestation [49]? One of the main 



Table 12.21. Associations of HLA alleles with response to im- 
munizations and diseases 



MHC genes 


Immunizations 




Tetanus 


B 5 (low response) 


Vaccinia 


Cw 3 


Influenza 


Bwl6 


Hepatitis B 


B8, DR 3 


Diseases 




Meningococcal meningitis 


B 27 


Leprosy 


Al, B 40 


Leprosy, tuberculoid 


DK 2 


Measles 


Aw 32 


Tuberculosis 


B 5 , DR 5 



health risks for children in tropical countries is the almost 
ubiquitous infestation with intestinal worms, mainly tape- 
worms, ascaris, and hookworms. Hookworms can cause 
severe anemias, which in combination with other infections 
may contribute to premature death. Characteristic clinical 
signs of worm infestation are an increased level of eosino- 
philic granulocytes and an increased IgE blood level. Such 
findings are also observed in atopic diseases such as asthma, 
hay fever, and atopic dermatitis. There is good evidence 
that atopic diseases have a multifactorial genetic basis, and 
that a gene or genes influencing IgE levels are involved 
(Sect. 6. 1.2.7). Atopic diseases are common in present-day po- 
pulations even though some manifestations of such diseases 
may impair health significantly. It is therefore conceivable 
that genotypes associated with atopic manifestations had a 
selective advantage in earlier times. Studies were therefore 
carried out to assess whether atopic genotypes in Papua 
New Guinea [49] have a selective advantage in relation to hel- 
minthic infestation. 500 villagers were tested for immediate 
hypersensitivity responses against a number of allergens. 
Based on these tests, 10% of these villagers were identified 
as atopic. Moreover, a clinical diagnosis of asthma was made 
on the basis of clinical evidence and pulmonary function 
tests on all inpatients of a local district hospital; asthma was 
diagnosed in 24 patients. Stool samples from these patients 
and from 50 nonasthmatic villagers diagnosed as atopic and 
139 nonatopic villager controls were examined for hookworm 
egg counts. The result is seen in Fig. 12.32. Average egg counts 
were found to be lowest in asthmatic patients, higher in the 
nonasthmatic atopic individuals, and highest among the con- 
trols. Possible biases, such as different distribution of atopic 
and nonatopic individuals among different villages, were 
carefully excluded. The study confirms the hypothesis pro- 
posed by the authors: The concomitants of atopy, such as 
IgE elevation, apparently afford relative protection against 
hookworm infestation. There is also some limited clinical 
evidence for a relative protective effect of IgE levels mitigat- 
ing the severity of worm infestation [107]. 

Interaction Between the Human host and Infective 
Agents. The examples above refer to selective advan- 
tages and disadvantages of human beings having cer- 
tain genotypes after exposure to infective agents such 
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asthm atics 

Number: 24 

Geometric Meon: 600 
Range: 25000 



NON - ASTHMATICS 
A T 0 P I C S 
Number: 50 

Geometric Mean: 1250 
Range: 170^9000 




Fig. 12.32. Distribution of the numbers of hookworm eggs/g 
feces in three samples of a heavily infested population in 
Papua New Guinea. Note the enormous differences in infesta- 
tion range between asthmatics, non-asthmatic atopies, and 
controls. (From Grove and Forbes 1975 [49]) 

as intestinal helminths, malaria parasites, E. coli bac- 
teria causing diarrhea, smallpox viruses, and others. 
We saw at the beginning that natural selection due 
to infectious diseases has played a major role in all 
periods of human evolution, except the past few de- 
cades. Among the few theoretical models in which 
the consequences of certain assumptions regarding 
modes of selection have been examined, there is one 
in which the human host and the infective agent 
were considered together. The consequences turned 
out to be complex, defying sweeping generalizations. 
Section 7.4 describes genetic determination of the hu- 
man immune response in crude outline. We now 
compare these “defense strategies” of the human 
host with “strategies of attack” used by various infec- 
tive agents. Some of these strategies turn out to be 
surprisingly similar, making use of largely the same 
genetic principles [133]: 

1. Germ cell mutations leading to genetic polymorph- 
isms, with slight differences in interaction with in- 
fective agents, are well known in humans; the ABO 
and MHC polymorphisms are obvious examples, 
but there are many more. Many bacteria use muta- 
tions toward resistance to antibiotics to cope with 
antibiotic therapy. Resistant mutants are almost al- 
ways present in bacterial populations, but they be- 



come common under the influence of antibiotics. 
Other examples abound. 

2. Somatic mutations leading to different cell clones 
within the same individual constitute one of the 
mechanisms by which variability of immunoglobu- 
lins is enhanced; their mutation rate is unusually 
high. An increased intraclonal mutation rate by a 
certain lack of precision in forming DNA replicas 
of the RNA genome is observed, for example, in 
the HIV virus leading to AIDS. It deceives and 
diminishes the humoral immune response of the 
host. 

3. Integration of foreign genomes or gene products to 
help in mimicry against host defense. This me- 
chanism, which is used, for example, by Schisto- 
soma and by certain viruses, may be compared in 
its protective effect with the symbiosis between hu- 
mans and certain benign bacteria, for example, in 
the colon, the vagina, and other organs, and for- 
mation of “normal” antibodies such as the anti- 
ABO isoagglutinins. 

4. Multiplication of certain genes to permit rearran- 
gements for creating a great variety of defense cells 
by a switch mechanism is a common principle in 
the formation of immunoglobulins and T cell re- 
ceptors. A similar mechanism, antigen drift, exists 
in Trypanosoma (sleeping sickness in humans and 
Nagana disease in cattle [30]). These germs protect 
themselves from attacks of the host defense system 
by continuously changing their surface antigens. 
This is made possible by hundreds and possibly 
even thousands of genes for its surface glycopro- 
teins, the expression of which is controlled by a 
switch mechanism and varies in space and time. 

Only a few examples of interaction between human 
host and infective agent have been analyzed, but there 
are many more. Such mechanisms have been active 
even in the twentieth century and in industrialized 
countries as shown, for example, by the demonstra- 
tion of genetic factors in twin studies on tuberculosis 
and other chronic infections (Sect. 6.3) Another study 
[123] compared adoptees with their biological and 
adoptive parents in Denmark: there were similarities 
in the frequency of death in early adult age - often 
from infections - not only with adoptive parents (due 
to obvious, common environmental factors) but also 
between adoptees and their biological parents from 
whom they had been separated for many decades. 

The change in living conditions which we are experi- 
encing at present is probably the greatest alteration 
which the human species has ever gone through. It 
can be compared only with the “Neolithic Revolu- 
tion” a few thousand years ago. This demographic re- 
volution leads, among other changes, to a break-up of 
isolates (see below) - with strong genetic effects. Its 
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influence on the pattern of infectious diseases will 
probably be much more extensive. Some infections, 
such as smallpox, have been completely eliminated; 
others will probably follow. This may lead to relaxa- 
tion of selection against small weaknesses of the im- 
mune system. The almost worldwide epidemic of 
AIDS - caused by the HIV virus and probably exist- 
ing in a limited area of Africa for a long time - has 
taught us that infective agents have an almost unlim- 
ited ability for adaptation to changing ecological con- 
ditions. Other infections will come, with unpredict- 
able abilities for adaptation to changing living condi- 
tions and behaviors of the human host. Theoretical 
models, of which this chapter presents a small sam- 
ple, are useful for understanding some of the simpler 
situations, such as the advantage of sickle cell hetero- 
zygotes in the presence of falciparum malaria. How- 
ever, genetic changes which we are now facing are 
complex and unpredictable. We can safely predict 
that the composition of the human gene pool will 
change, but neither the extent nor the direction of 
these changes can be foreseen. Careful observation 
of facts, inclusion of the genetic point of view into 
studies on the epidemiology of infectious diseases, 
assessment of biological mechanisms by observation 
and experiment, and application of appropriate 
mathematical models are necessary. 



Conclusions 

There is much individual variability in gene frequen- 
cies between human populations. This variability has 
been studied at the phenotypic-biochemical and at 
the gene-DNA levels. In addition to mutation, natural 
selection is important in shaping the genetic compo- 
sition of populations. Simple mathematical models 
have been described for studying the genetic conse- 
quences of various types of selection in populations. 
An important selective force that has shaped the ge- 
netic composition of human populations, at least dur- 
ing the past several thousand years, has been expo- 
sure to various infectious organisms. Examples in- 
clude genetic adaptation of hemoglobin genes - and 
of other red blood cell genes - to malaria, and asso- 
ciations of ABO blood groups and HLA types with 
various infectious diseases. 
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Humanity is just a work in progress. 

Tennessee WilliamSy Camino Realy 
Block 12 



13.1 Deviations from Random Mating 

Considerations in the preceding chapters presume 
random mating, and Hardy- Weinberg proportions 
are assumed to hold true. However, such assump- 
tions are an abstraction. In modern outbreeding po- 
pulations mating may approximate randomness for 
some genetic traits, such as blood groups and en- 
zyme types, but is certainly nonrandom for some 
traits and some hereditary conditions, such as conge- 
nital deafness. Because of their need for special 
schools and professional training, deaf individuals 
form social groups with intense in-group contacts 
but remain partially isolated from the outside world. 
Naturally, so-called “assortative mating” frequently 
occurs between deaf partners. If both partners carry 
the same type of recessive gene for deafness, all their 
children will be deaf. Assortative matings are less 
conspicuous but much more common with regard to 
psychologically or socially significant aspects of life, 
such as social status, income, range of interest, edu- 
cation, or intelligence (Fig. 13.1). Human populations, 
far from mating at random, comprise a complex and 
ever-changing system of more or less isolated sub- 
groups. These subgroups may be called “isolates” if 
they are well delimited, and mating is confined 
more or less to members of the group. They have 
been called “demes” if they represent only groups 
within which the probability of mating is enhanced 
compared to matings with outside individuals [39]. 
There is no sharp demarcation between isolates and 
demes. 

One type of assortative mating is mating among rela- 
tives. Since relatives share some of their genes by 
common descent, consanguineous matings influence 
the incidence of some inherited diseases. Compari- 
son of the progeny of consanguineous with those of 
nonconsanguineous marriages uncover the manifes- 
tation of recessive genes as an increased frequency 
of specific diseases and provides evidence regarding 
the role of recessive genes in morbidity and mortality 
of diseases in which such genes may play a subsidiary 
role. These studies also provide data to assess the 
concept of genetic load (see Sect. 12.3.2). 



Another aspect is the widespread tendency to prefer 
marriages within the same subgroup, which in the 
long run leads to genetic differences between such 
subgroups. Measures of “population distance” have 
been developed to assess such differences. Population 
structure and genetic composition of the population 
are also influenced by migration of individuals be- 
tween subpopulations. Migration counteracts the ef- 
fects of isolation; it is currently of increasing impor- 
tance. 



13.1.1 Consanguineous Matings 

13.1.1.1 Inbreeding Coefficient [ 39 ] 

All Human Beings Are Relatives. Relatives are defined 
as individuals who have a certain portion of their 
genes in common by descent. If we take this defini- 
tion literally, all human beings are relatives. We have 
common ancestors. The progenitors might even have 
been one single couple (see Sect. 14.2.1). Why then 
are our genes so different? For the simple reason 
that our common descent dates back thousands of 
generations. During this long period many interven- 
ing mutations have caused genetic variability. Ob- 
viously it would be meaningless operationally to treat 
all of mankind as relatives, since no conclusions 
could be drawn from this - albeit formally correct - 
assumption. On the contrary, a main point of interest 
motivating us to measure consanguinity concerns 
these intervening mutations and the effect of consan- 
guinity on their phenotypic manifestation. However, 
in measuring consanguinity we should always keep 
in mind that it is merely a matter of practical conven- 
ience as to how many generations we go back. 

Degrees of Relationship Normally Considered. Lines of 
descent are frequently only studied for three genera- 
tions. This convention was initially established for 
reasons of convenience. Catholics require a special 
dispensation for a marriage between second cousins 
or closer relatives, and the church registers for these 
dispensations are an easy source of information on 
frequencies of consanguineous marriages in Catholic 
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Fig. 13.1. Assortative mating as to intelligence 
quotient (IQ) in a sample of married couples in 
the United States. ■, Husband; 0 , Wife; stippled 
line, mean of the couples. (From Outhit (1933); 
Schwidetzky Das Menschenbild der Biologie 

(1959)) 




populations. This restriction means that parents, 
grandparents, and great-grandparents but not more 
distant ancestors are taken into account. The most re- 
mote relatives considered in describing the degree of 
consanguinity between two individuals are therefore 
second cousins. Types of consanguineous marriages 
usually found within this range of relatives are shown 
in Fig. 13.2. 

The convention to limit assessment of consanguinity 
to more narrow relationships is also theoretically rea- 
sonable. Beyond this range the coefficient of inbreed- 
ing of an individual increases only very slowly with 
the number of additional consanguineous marriages 
in his or her ancestry. 

Two Useful Measures: Coefficient of Kinship and In- 
breeding Coefficient [48, 52]. Within a population var- 
ious types of consanguineous matings may occur: 
those between second or first cousins, between uncle 
and niece, occasionally even between brothers and 
sisters or fathers and daughters. It is of course possi- 
ble to describe the frequencies of all such matings, 
and such data might offer interesting insights from a 
sociological point of view. Only one aspect is interest- 
ing to the geneticist, however: How closely are the 
parents of a child related - what is their share of 
common genes? Whether we intend to compare indi- 
viduals by the degree to which they are inbred or to 
describe population groups by the average degree of 
inbreeding of their members, we need a measure for 
this proportion. If possible, a single number would 
simplify our task in the same way as the notion of 
“gene frequency” simplifies a description of a popu- 
lation in terms of genotypes. Several measures for 
the degree of inbreeding have been proposed; the 
choice among them is largely arbitrary. The “inbreed- 
ing coefficient” (Wright 1922 [79]) has proven to be 
the most useful. This is closely related to the “coeffi- 
cient of kinsip” (Malecot 1948 [52]). These coeffi- 
cients are defined as follows: 



Fig. 13.2. The most important types of consanguineous mar- 
riages 



a) The coefficient of kinship, 0 ^^, of two individuals, 
A and B, is the probability that a gene taken at 
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random from A is identical by common descent 
with a gene taken at random at the same locus 
from B. 

b) The inbreeding coefficient, F, of an individual is 
equal to the coefficient of kinship, 0, of his father 
and mother. 

The distinction between the two coefficients is that a 
coefficient of kinship applies to two individuals who 
may have common ancestors. An inbreeding coeffi- 
cient applies to one individual and measures the de- 
gree of relationship between his parents and hence 
the resemblance between the two genes received 
from his parents at each locus. In fact, the inbreeding 
coefficient is equal to the probability that the two 
genes which the individual has at a given locus are 
identical by descent. 



Coefficient of Inbreeding and the Hardy-Weinberg 
Law. Let us consider an autosomal gene pair A, a 
(gene frequencies p, q). In a, randomly mating popu- 
lation the three genotypes occur in the proportions 
p^ : 2pq : q^. If the genotype contains N such gene 
pairs with gene frequencies q^ {i = 1,2,. . ., N), the 
degree of heterozygosity under random mating is: 



;■= 1 



Mi 

N 



and the degree of homozygosity: 

the sum of the two being 1. This degree of heterozyg- 
osity indicates the proportion of autosomal genes 
with two alleles, for which an individual is, on aver- 
age, heterozygous. For a single gene it indicates the 
probability of an individual’s being heterozygous. 

In a consanguineous mating (Fig. 13.2) a pair of alter- 
nate alleles A and a are considered. An oocyte may 
contain the gene a. If the mating is random, the prob- 
ability of this oocyte being fertilized by a sperm with 
a is p and by a sperm with A is q. If the parents are 
related, they have a certain proportion of genes in 
common by descent; accordingly, p is increased to 
(p -f Fq) and q is reduced to (q - Fq), and corre- 
spondingly for oocytes containing allele A. Here the 
value that corresponds to F in the former delineation 
is called F. If the mode of inheritance is autoso- 
mal, the two parents show the same distribution of 
genes A and a. Therefore it must hold that 
pq{i -F) = qp{i - F) and hence F = F. 

It can be shown that F is equal to the inbreeding coef- 
ficient as defined above. This means that the geno- 
types of children having an inbreeding coefficient F 
do not occur in Hardy-Weinberg proportions but 
rather in the proportions: 



AA : Aa : aa 

(p^ + Fpq) : 2(1 - F)pq : {q^ + Fpq) 

The child’s own degree of heterozygosity is dimin- 
ished on average by a factor F. To put it differently, 
F is the probability that the two homologous chro- 
mosomes carry two genes that are derived from the 
same ancestral gene at a randomly chosen gene lo- 
cus. (Fig. 13.3) 

Calculation of the Inbreeding Coefficient F. The actual cal- 
culation of 0 or F is not necessary for most practically oc- 
curring situations in human genetics as the coefficients for 
the degrees of consanguinity occurring in human popula- 
tions are known, as shown in Fig. 13.2. An occasional pedi- 
gree may require individual calculation. This is quite differ- 
ent from the situation in animal breeding, where very com- 
plicated relationships between mates may be encountered. 
For their assessment Wright proposed the method of path 
coefficients [46, 80]. The pedigrees of the two mates are 
drawn, and all their common ancestors are marked. Then 
one of the least remote common ancestors is selected, and 
the two mates are connected by all possible pathways, 
which: 

a) Lead to this common ancestor 

b) Consist of “steps” (one step being defined as the connec- 
tion between an individual and one of his parents) 

c) Do not lead to one person more than once 

The other common ancestors are treated in the same way. 
The number of steps in each path is counted. For one 
ancestor, x paths with m^. . .m^ steps may exist, giving for t 

= r paths. Then: 

r 

F = l( 2 -’"‘ + 2 ~'"‘ + ... + 2 -’"') =5^)2-'"' ( 13 . 1 ) 

i=l 

(If some of the common ancestors come from consanguin- 
eous matings, the terms must be corrected considering their 
inbreeding coefficients.) 

The following simple consideration may help to understand 
this formula. A child shares with each of his parents 1/2 of 
its genes, with a grandparent 1/4, with a great-grandparent 
1/8, etc. In a path of a steps from the mother to an ancestor 
she has a fraction of (1/2)" = 2"" genes in common with that 
ancestor; in a path of b steps from the father to this ancestor 
he shares 2“^ genes with this ancestor. This means that father 
and mother have x 2“^ = 2“"* genes (m = a + b) in com- 
mon. This number divided by 2 gives the probability that a 
random gene of the mother is identical by descent with a ran- 
dom gene of the father. (For a more rigorous derivation and 
for other methods of calculation, see Li (1955) [46], Jacquard 
(1974) [39] > and Kempthorne (1957) [41], who gives a useful 
matrix method.) 



common ancestors 



Examples. Figure 13.4 shows a first-cousin marriage. The path 
over the common grandfather of the couple has four steps, 
and the same is true for the path over the common grand- 
mother. Inserting in Eq. (13.1) gives: 

F = K2-H2-)=i(i + ^)=i 
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Fig. 13.3. An oocyte may contain the allele a. With random 
mating, probabilities for this oocyte to be fertilized by a 
sperm with allele a = p, with allele A = ^. In a consangui- 
neous mating, these probabilities are (p + Fq) or (q - Fq). 
Lefty fertilization of oocyte with allele a; righty fertilization 
of oocyte with allele A. (From Ludwig 1944 [48]) 







Fig. 13.4. First-cousin marriage. Calculation of F by the 
method of path coefficients. Four steps (1.1-1.4) connect the 
proband’s father and his mother via the common grandfather 
of the parents. Four other steps (2.1-2.4) connect the father 
and the mother via the common grandmother. F = ^ 

Figure 13.5 shows a case of father-daughter incest. There is 
only one path and it consists of one step: 

17 _ lo-i _ 1 1 _ 1 

^ - 2 ^ - 2 - 2-4 

The third example is of brother-sister incest (Fig. 13.6): 

F = |(2-2 + 2-2) = i(i + |)=| 

As mentioned above, for humans a useful convention limits 
these calculations to three generations back. The convention 
is sound quantitatively. For example, if a common ancestor 
is found five generations back, the corresponding path has 
ten steps; therefore, it contributes to F only 1/2 x 2“^° = 1/2048. 

Inbreeding Coefficient of a Population. Frequently we 
are interested in an index that measures mean con- 
sanguinity in a population, considering all types of 
consanguineous marriages together. If the calculation 
is confined to the last three generations, the resulting 
coefficient K of the “apparent consanguinity” is given 
by: 




Fig. 13.5. Father-daughter incest. There is only one path 




Fig. 13.6. Brother-sister incest. There are two paths with two 
steps each 



K=EPiM, 

Summation extends over the various types of consan- 
guineous marriages, with and M, being the in- 
breeding coefficient and the relative frequency of the 
f-th type of consanguineous marriage. K is frequently 
referred to simply as the mean of F or as F of the po- 
pulation. In comparing different populations for this 
parameter one should bear in mind that the conven- 
tion of including three ancestral generations has of- 
ten not been followed. In addition, almost all popula- 
tion studies calculate the coefficients of kinship (ac- 
cording to the above definition) of all couples and 
not the inbreeding coefficients of all individuals. 
This kinship coefficient gives an unbiased estimate 
of the mean inbreeding coefficient of the individuals 
only if inbreeding does not influence reproduction. 

13.1.1.2 Inbreeding and Inherited Disease 

Frequency of Children with Recessive and Multifactor- 
ial Diseases in Consanguineous Matings Compared 
with Nonconsanguineous Matings. Let the allele 
which in the homozygous state leads to a recessive 
disease have a gene frequency q. The phenotype fre- 
quency in the random mating population is then q^; 
in the population of individuals with the inbreeding 
coefficient F it is q^ + Fpq. With decreasing the ra- 
tio Fpq/cf increases: The lower the gene (and geno- 
type) frequency, the higher the frequency of consan- 
guineous marriages is among parents of the affected 
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homozygotes. In other words, the chance that an iden- 
tical rare allele possessed by one mating partner is 
also carried by the spouse is very small unless the 
spouse is related and has derived the rare allele from 
an ancestor shared by both partners. This does not 
mean, however, that an autosomal-recessive disease 
which is observed in a child from a consanguinous 
marriage necessarily carries two identical alleles 
from a single, common ancestor. The probability of 
this event increases with decreasing gene frequency 
(Fig. 13.7). 

This holds true not only for recessive diseases but also 
for multifactorial characters (Sect. 6.1). Among indivi- 
duals with inbreeding coefficient F, the variance of a 
normally distributed liability with heritability /z^ = 1 is 

Vp=V,{i^F) 

Vq being the variance in a noninbred population. 
However, with increase in variance the relative num- 
ber of individuals beyond the threshold also increa- 
ses. Children from consanguineous matings therefore 
have a slightly higher risk of being affected with a 
multifactorial threshold character than children 
from nonrelated parents (see Fig. 6.1.2). 

For recessive genes the argument can be reversed the- 
oretically. If more consanguineous marriages are 
found than are expected on the basis of the popula- 
tion incidence of a recessive condition, not one but 
several recessive genes with correspondingly lower 
gene frequencies may be involved, i.e., genetic het- 
erogeneity may exist. Under the assumption that 
these genes have equal frequencies, even their num- 
ber has been estimated. In practice, this approach is 
almost always futile, for the following reasons: 

a) Due to the decrease in inbreeding among modern 
populations the number of homozygotes for reces- 
sive diseases has declined steeply (see below). 

b) The decrease in inbreeding has taken place mainly 
in big cities and densely populated areas. Many of 
the recessive diseases come from remote rural 
areas where consanguineous marriages are in gen- 
eral more frequent. 

c) Therefore a high ratio of consanguineous to non- 
consanguineous matings may be encountered 
simply due to population heterogeneity, even if 
there is only one recessive gene. 

Deaf-mutism, for example, is often an autosomal recessive 
condition, and the number of recessive genes has occasional- 
ly been estimated from the high consanguinity rates in their 
families (see [74]). However, deaf-mutes go to school toge- 
ther; both they and their normal family members share 
many social activities; the social group made up of the deaf 
and their families has many properties of a social isolate. 
This contributes to an unpredictable degree to the high pro- 
portion of consanguineous matings. 




Fig. 13.7. Probabilities of homozygotes of an autosomal reces- 
sive gene for having inherited two identical copies of this 
gene from the same, common ancestor, depending on degree 
of consanguinity of the parents and frequency of the mutant 
gene in the population. As the gene frequency increases, the 
probability of transmission from the same ancestor decrea- 
ses, particularly with second- and third-cousin matings 



Inbreeding Coefficient F in Various Population 
Groups. Table 13.1 collects the frequencies of consan- 
guineous matings in various populations, listing 
first-cousin marriages (i-C) and the F values calcula- 
ted on the basis of the available data. (For Israel 
only frequencies of first-cousin, uncle-niece, and 
aunt-nephew marriages are given, with the result 
that the inbreeding coefficient may be underestimat- 
ed.) The data in Table 13.2 were collected by the gen- 
ealogical method, i.e., pedigrees of couples of con- 
sanguineous marriages were assessed. Depending on 
the method of ascertainment, F may be more or less 
underestimated because: 

a) The data from Catholic countries are usually 
based on dispensation registers for consangineous 
matings. However, probably not all Catholics who 
plan to marry a close relative actually ask for dis- 
pensation, and especially in cities the priests may 
not know the couples well enough to know that 
they are related. 

b) In some studies the investigators relied on the 
statements of the families, who in many cases con- 
cealed consanguinity. 

For example, on the Japanese island of Hosojima the 
seven members of the island council knew of 19 of 
45 marriages in which the spouses were related. A 
check of the Koseki, a Japanese population register, 
brought this number to 25, which was then increased 
to 29 by careful analysis of pedigrees. 

In almost all European countries and in the United 
States, the inbreeding coefficients are very low; high 
coefficients are usually found in some small commu- 
nities and in religious, geographic, and ethnic iso- 



Table 13.1. Frequency of consanguineous marriages and inbreeding coefficients F (xio in various countries (from von Fumetti 1976 [77] unless otherwise noted) 

Count ry/region/diocese Method Time Popu- % First % Consang. F Time Popu- % First % Consang* F 

ofascer- lation cousin marriages (xlO^) lation cousin marriages (xio^) 

tainment* (N] marriages (All types marriages 

together) 
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DA, Dispensation archives; A, ancestry tables; I, interview; MR, marriage registers; FB, family books; CR, church registers. 

^ The figures for Hirado relate to the time of marriage for those marriages of which at least one spouse was still alive at the time of examination. 
^ Inbreeding coefficient was calculated only from uncle-niece and aunt-nephew matings; therefore, it might be too low by 1/4-1/3. 
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Table 13.2. Results of various studies on effect of inbreeding on death during infancy, childhood, and young adulthood among 
Japanese (from Schull and Neel 1972 [67]) (Conceptuses lost before the 7th month of pregnancy not included) 



Investigator and locale 


A 


B 


B/A 


Size of in- 
bred sample 


Ascertainment 


Watanabe 

Fukushima prefecture 


0.0881 


0.5157 


5.8 


4594 


Through child surviving to high school 


Tanaka and Kishimoto 
Shizuoka 


0.1253 


0,7191 


5.7 


2205 


Through child surviving to elementary school 


Schull et al. 

Nagasaki prefecture 


0.0927 


1.4074 


15.2 


223 


Koseki and Catholic church records, followed 


(Kuroshima) 

Schull and Neel 

Hiroshima prefecture 


0.0875 


0.5317 


6.1 


1697 


(average) 15 years, deaths before age 20 
Pregnancy registration at 5th month followed 


Nagasaki prefecture 


0.0986 


0.1060 


1.1 


2608 


(average) to 8 years 


Schull and Neel 
Kure 


0.0929 


0.0405 


0.4 


564 


Pregnancy registration at 5th month, followed 


Yanase 

Fukuoka prefecture 
Hs 


0.0962 


1.2535 


13.0 


277 


(average) to 15 years 

Household survey, deaths before 6 years 


Hi 


0.1292 


0.3308 


2.6 


304 




Ta-Ro 


0.0916 


0.9884 


10.8 


301 




Fujiki et al. 

Yamaguchi prefecture 
Mis 


0.1222 


0.3287 


2.7 


497 


Koseki recorids plus household interviews, 


Nuw 


0.1985 


-0.8107 


-4.1 


234 


followed (average) to mid childhood 


Kur 


0.1936 


-0.9608 


-5.0 


79 




Nagano 

Fukuoka prefecture 


0.0873 


0.6765 


7.8 


5953 


Through elementary and junior high school 


(Fukuoka City) 
Schull et al. 

Nagasaki prefecture 


0.1157 


0,7703 


6.7 


6626 


followed through age 12 

Household survey, nonaccidental deaths 


(Hirado) 

Freire-Maia el aL 

Japanese immigrants 


0.1378 


0.6995 


5.1 


105 


largely through age 20 

Household survey, subjects followed through 


in Baum state of 
Sac Paulo, Brazil 

Average 


0.1036 


0.6700 


6.7 




age 21 



For a definition of A and B see Sect. 13.1.2.1. 



lates. In South America, which has been very well ex- 
amined, the mean inbreeding coefficient appears to 
be about twice or three times that in Europe [26, 
27]. High values of F have also been found in Japan. 
The highest values are described for parts of south- 
ern India, especially the state of Andhra Pradesh, 
among the Nubic tribes in Egypt, and among the 
Fulbe in Guinea. 

Decline in Consanguinity in Industrial Countries. In 
the industrialized countries of the West a decline in 
consanguineous marriages has been observed since 
the beginning of this century. The trend began in 



the highly industrialized areas and big cities and is 
now spreading into the more remote rural provinces. 
France has been especially carefully examined; Fig- 
ures 13.8 and 13.9 show the frequencies of apparently 
consanguineous marriages in 1926-1930 and in 1956- 
1958 [39]- In the former period the mean coefficient 
of inbreeding (more exactly, the coefficient of appar- 
ent consanguinity; see above) was 86.1 xio"^; by the 
latter period it had decreased to 23 x io~\ The decline 
is usually explained by the higher mobility of the po- 
pulation in an industrialized society and the wider 
choice among individuals of the other sex. This ex- 
planation is corroborated by studies in which the dis- 
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Fig. 13.8. Coefficient of apparent consanguinity in France 1926-1930. The numbers xio ^ refer to F. (From Jacquard 1974 [39]) 



tances between the birth places of spouses were 
shown to grow over time. This phenomenon is usual- 
ly referred to as the “breaking up” of isolates. More 
recently the tendency toward a lower consanguinity 
rate has been strengthened by the decline in the 
number of children per marriage, which reduces the 
number of eligible cousins. 

These and other considerations raise the question of 
the degree to which consanguineous marriages repre- 
sent an otherwise unbiased sample of all marriages. 
The question becomes important when consanguin- 
eous marriages are used to estimate the “genetic 
load” (Sect. 13.3.2) due to genes that are lethal or det- 
rimental in the homozygous state. 

Social and Psychological Influences on the Frequency 
of Consanguineous Marriages. Some biases are ob- 
vious from inspection of Figs. 13.8. and 13.9; the qual- 
ity of obstetric and pediatric care is usually better in 
the developed areas of France with low consangui- 



nity rates. Even within these provinces the rates are 
lower in towns than in villages. Selective migration 
of healthier persons from rural to urban areas may 
further add a spurious trend toward higher infant 
and perinatal mortality in consanguineous marria- 
ges. 

However, the bias may be much more subtle. In a 
German study, for example, individuals married to a 
close relative were shown to differ psychologically 
from the average population [81]. For example, males 
living in consanguineous marriages suffered more 
difficulties in establishing interpersonal contacts 
than other men and therefore selected a relative ra- 
ther than a nonrelative as a spouse. On the other 
hand, completely different sociopsychological condi- 
tions for consanguineous marriages may exist; in po- 
pulations of southern India with very high consan- 
guinity rates, a marriage between daughter and 
mother’s brother is the most preferred marriage 
type socially. 
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yrgne gOr^ 

Fig. 13.9. Coefficient of apparent consanguinity in France 1956-1958. Numbers x 10“^ refer to R (From Jacquard 1974 [39]) 



In both India and in Japan until very recently mar- 
riages were commonly arranged by the families of 
the two spouses. Economic reasons and the advan- 
tage of knowing the spouse very well are the most 
prominent factors in such arrangements. Personality 
factors such as those described in the above German 
study seem to be of minor importance. For this and 
other reasons it is reasonable to conclude that in Ja- 
pan consanguineous marriages are a less biased 
sample of all marriages than in European countries. 
Still, some bias may remain. In a study of consan- 
guinity on the Japanese island Hirado [67-69], for 
example, there was a greater tendency for older 
brothers to marry a first cousin. Moreover, it was 
the older brothers who inherited the land owned by 
the families and hence tended to stay in their vil- 
lages, while many younger brothers emigrated to 
other areas. Consanguineous marriages are still 
common in certain Hindu population groups of 
southern India as well as in many Muslim popula- 
tions (Table 13.1). Within these populations socioeco- 
nomic and other differences between consangui- 



neous and other couples have been found. A com- 
prehensive study from southern India showed that 
women in close consanguineous unions marry and 
begin giving birth to children earlier in life; there- 
fore they tend to have more children [7]. Such bia- 
ses must be considered, when the influence of par- 
ental consanguinity on the health status of their pro- 
geny is assessed. 

Influence of the Decline of Consanguinity on the Inci- 
dence of Recessive Diseases. Let us assume a popula- 
tion with average inbreeding coefficient F in which 
an equilibrium between mutation rate fi and the se- 
lection coefficient s has been established at a gene 
frequency q. Now, the degree of inbreeding is reduced 
within a short time period, say, one generation, from 
Fj to F^. Consequently the number of homozygotes 
drops from q^ + F^pq to q^ + F^pq. This change dis- 
turbs the genetic equilibrium, selection now being in- 
sufficient to eliminate the number of genes produced 
by new mutations since there are fewer homozygotes. 
For example, F^ for European populations once rapg- 
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Homozygote 




Fig. 13.10. Decrease in the frequency of recessive homozy- 
gotes in a population with long-lasting inbreeding by com- 
plete cessation of inbreeding and very gradual increase to 
the old value as the result of an excess of freshly produced 
compared with selectively eliminated mutants. Mutation rate 
= io~ 5 ; selection coefficients for the recessive homozygotes 
s = 0.5; inbreeding coefficients F = 0.003 ( — ) and F = 0.005 
( ). At the points # and 0 > respectively, the gene fre- 

quency q reaches one-half of the new equilibrium frequency. 



The values of the gene frequency c were calculated by solving 
the equation: 

q^ -h Fq(l - q) = fils 

for qy and then stepwise for each new generation by the re- 
currence formula: 

c[ = iq"^ - sq"^^)/(l - sq"^^) 

where q"^ = q+ jup 



ed between about 0.003 and 0.005. Let us also assume 
a mutation rate of lo"^ and selection coefficient (s) of 
0.5 against the homozygotes. The equilibrium fre- 
quency is q = 2.6 - 3.2 X 10“^ In this case complete 
cessation of inbreeding leads to a drop of the homo- 
zygote frequency, as shown in Fig. 13.10. Moreover, 
175-185 generations (about 4500 years) are required 
for the gene to reach one-half the way to the new 
equilibrium frequency. 

The decline in inbreeding is one of the reasons why 
“modern” societies are now enjoying - and will enjoy 
for a long time to come - an unusually low incidence 
of recessive disorders. The other, related reason is 
that, due to stochastic processes in small populations 
(Sect. 13.3), genes for recessive diseases have attained 
unequal frequencies in various population groups. 
With increasing intermarriage between these groups 
gene frequencies will level out, and populations with 
high gene frequencies and hence high homozygote 
frequencies will disappear. 

Physicians and geneticists impressed by somewhat 
negative effects of consanguinity on health may at- 
tempt to dissuade prospective marriage partners 
from marrying a relative; they even may initiate pub- 
lic health measures to this end. However, consanguin- 
eous matings are an important component of the so- 
cial structure in these populations, for example, in 
southern India. Attempts to break up marriage cus- 
toms with long traditions therefore should not be in- 
itiated unless all possible social consequences have 
been carefully considered. 



13.1.2 Concept of Genetic Load 
13.1.2.1 Theory 

Estimation of the Overall Number of Recessive Genes 
in the Human Population [73]. Homozygotes in gen- 
eral, especially those for rare diseases, are more fre- 
quent among children from consanguineous marria- 
ges than in the general population. This fact can be 
used to estimate the number of such recessive genes 
in each individual of the population. 

For example, a gene taken at random from an indivi- 
dual has a probability of 1/2 of being identical by 
descent to one of the two genes at the same locus 
of the individuaPs sib. If one of the sibs in a brother- 
sister mating is a carrier of a gene leading to a re- 
cessive disease in the homozygous state, the other 
sib also carries the gene with a probability of 1/2, 
and every child of this mating has a risk of 1/4 of 
being affected with the disease. Therefore the prob- 
ability that such a mating produces at least one af- 
fected child is 1 - (3/4)^ s being the number of chil- 
dren per mating. When an otherwise unselected ser- 
ies of brother-sister matings is examined with re- 
spect to the incidence of recessive diseases among 
their progeny, the average number of individuals car- 
rying such a recessive gene in the general population 
can thus be calculated. The same argument holds 
true, for example, for father-daughter matings. These 
matings are proscribed by law and custom and are 
rare. Moreover, no one would regard individuals in- 
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volved in such a mating as an unbiased population 
sample. 

Intuitive Background: Our Load of Mutations. H.J. 
Muller, the famous geneticist, had been concerned 
since his teens with the idea that the human species 
may be in danger of deteriorating biologically, that 
the evolutionary system could collapse sooner or lat- 
er, and that our species might finally be submerged 
in an ocean of suffering from disease, mental defects, 
miscarriage, and other catastrophes. 

We saw at the beginning of this book (Sect. 1.8) that 
this concern was shared by many scientists at the be- 
ginning of the twentieth century and was in fact the 
motive behind the work of R Galton and the eugenics 
movement. 

Muller’s arguments were set out comprehensively in 
his paper Our Load of Mutations in 1950 [86]. His 
most important theses may be formulated as follows: 

a) A large share of all human zygotes are killed or 
prevented from reproduction by mutations. 

b) The overall mutation rate per individual, i. e., the 
total number of new mutations contained in both 
germ cells that form this individual, is one muta- 
tion per two to ten germ cells. 

c) Every individual is heterozygous for several genes 
that would kill him if homozygous. These genes 
are usually deleterious even in the heterozygous 
state. 

d) Natural selection has relaxed; therefore the num- 
ber of deleterious genes in the human population 
is increasing dangerously. They may reach a criti- 
cal threshold above which the whole genetic sys- 
tem may break down, leading to disappearance of 
the human species. 

e) The danger becomes more acute by increased ex- 
posure to ionizing radiation. 

f) We should try to curb this dangerous develop- 
ment by regulating human reproduction artificial- 

ly- 

Since Muller proposed these theses, our knowledge of 
human genetics has improved, and some of his ques- 
tions can now be answered fairly precisely [76]. One 
aspect is singled out here: the assertion that every hu- 
man being is heterozygous for several genes that 
would kill him if homozygous but are deleterious 
even in the heterozygous state. 

Ejfect of Variation on Fitness. A more formalized and 
more balanced concept was formulated by Haldane in 
several papers, especially that titled The Effect of 
Variation on Fitness [33, 34]. One of these conclusions 
was that, due to recurrent mutations, some genotypes 
always have a reduced fitness; if fitness is 0, this gen- 
otype does not reach the next generation. If, however. 



fitness is reduced by 1/1000 one of 1000 of these gen- 
otypes is eliminated. In any case reduction in fitness 
depends on the mutation rate. Therefore these ideas 
are in principle only generalizations of his indirect 
method for mutation rate estimation (Sect. 9.3.1). 

On the basis of Muller’s and Haldane’s contributions 
the concept of genetic load was used to test human 
populations in another famous paper. An Estimate of 
the Mutational Damage in Man from Data on Con- 
sanguineous Marriages by Morton et al. (1956) [54]. 

Definition of the Genetic Load. Morton et al. [54] dis- 
tinguish between the total damage due to disadvanta- 
geous mutations present in the human genome and 
the expressed damage. Both are described as lethal 
equivalents. A lethal equivalent is a group of muta- 
tions which, distributed among various individuals, 
causes an average of one death, for genetic reasons. 
Such mutations may be, for example, a lethal muta- 
tion leading to death in all cases or two mutations 
each leading to death in 50 % of the cases. The total 
damage per gamete was defined as the average num- 
ber of lethal equivalents in the zygote when the zy- 
gote is formed by doubling all chromosomes of the 
gamete. The expressed damage per gamete is the 
average number of lethal equivalents of this gamete 
that would be manifested if combined in the zygote 
with another gamete according to the mating system 
actually prevailing in the population. 



The total genetic damage may be calculated as follows. Let us 
consider one gene locus. The probability for a given zygote to 
survive deleterious effects of mutations at this locus is given 
by: 



1 — qFs 



- q\l -F)s - 2q{\ - q)(l - F) sh 



Probability of 
death due to 
homozygosity 
from consan- 
guinity 



Probability of 
death due to 
homozygosity 
not from con- 
sanguinity 



Probability of 
death in a 

heterozygote (13.2) 



Here, s is the probability of death for a zygote homozygous 
for the mutation; h is a measure for the dominance of this 
mutation (h = 0 if the gene is completely recessive, h = 1 if 
the gene leads to death in the heterozygote as often as in the 
homozygote); F is the inbreeding coefficient. 

Another assumption is that genetic and environmental causes 
of death act independently. With this condition the propor- 
tion of survivors may be expressed as follows: 



s = IJd - *i)[i - (1 - 

-2qfl-qj){l-F)sjhj] (13.3) 

Here x, is the probability of a certain environmental cause of 
death. The product comprises all x, and all qp the gene fre- 
quencies of deleterious mutations. Both the number of these 
mutations and the number of environmental factors x^ can 
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be assumed to be large; the single probabilities, however, are 
small. Therefore this expression is approximated by the fol- 
lowing: 

S = 1 - - HFqs - (1 - F)Hq^ s - 2(1 - F)2^(l - q)sh 

This, in turn, may be approximated by: 

S = + or - /og, S = A -h BF (13.4) 

where 

A = 'Zx + s -h 22^(1 - q) sh 
B = - 22^(1 - q) sh 

The summation includes all environmental factors and all 
loci with mutant alleles. 

In a randomly mating population (F = 0) the expressed ge- 
netic damage - together with the environmental damage - is 
represented by A. B, on the other hand, is a measure of the 
hidden genetic damage that could manifest itself only with 
complete homozygosity (F = 1). The total genetic damage is 
expressed by which is the sum of B and the genetic com- 
ponent of A and therefore lies between B and B + A. 

A and B can be calculated using weighted regression coeffi- 
cients of loge S (S = fraction of survivors) on F. Considering 
the low degree of inbreeding normally found in human popu- 
lations and the low death rate among offspring of unrelated 
couples, the following simplified formula gives a satisfactory 
approximation: 

S=l-A-BF (13.5) 

The actual calculation may proceed as follows: 

Si = l-A, S 2 = 1 -A-FB, S^-S 2 = FB; 

A = l-Si; B = ^^, 

F 

= number of survivors in nonconsanguineous matings, 
and $2 = number of survivors in consanguineous matings. 

The number of lethal equivalents is derived from the differ- 
ence between consanguineous and nonconsanguineous mar- 
riages in the number of children stillborn and deceased be- 
fore reproductive age. 

An Example. Investigators used data from France for a preli- 
minary calculation [25]. For stillbirth and death during child- 
hood and youth (before reproduction) together, a value of B 
between 1.5 and 2.5 was calculated; A + B was not very much 
higher. The ratio B/A, which was to play a major role in later 
discussions, varied between 15.06 and 24.41. This would 
mean that the average gamete carries a number of deleterious 
genes which, if distributed in single individuals and made 
homozygous, would kill 1.5-2.5 individuals before reproduc- 
tive age. The total genetic damage is 1.5-2.5 lethal equivalents 
per gamete; 3-5 lethal equivalents per zygote. This calculation 
does not include miscarriages and deaths at a later age (for 
example, during the reproductive period); this approach 
therefore underestimates the real damage. Every human ap- 
pears to be heterozygous for several genes that would be dele- 
terious in the homozygous state. 

The authors cautiously admit that the differences between 
consanguineous and nonconsanguineous marriages may in 
part be nonbiological. Only the pregnancy outcome of con- 
sanguineous marriages was determined by direct interview. 



Socioeconomic differences between rural and urban popula- 
tions might add another bias toward higher mortality among 
children from consanguineous marriages. As we shall see be- 
low this caution was only too well justified. 

Estimate of the Expressed Genetic Damage. As the next point, 
the authors concluded that the same genes may have a certain 
disadvantage even in the heterozygous state, i.e., that their 
“dominance” h is greater than o. According to Eq. 13.5, the 
total probability of a particular mutant being eliminated un- 
der the naturally occurring breeding structure is approxi- 
mately z X s, where z = F + q + h (notations as above). The 
number of expressed lethal equivalents per gamete can be 
shown to be equal to the total number of lethal equivalents 
multiplied by the harmonic mean of the values of z for the 
particular mutants. Data on human beings were not available 
to determine h, and data from Drosophila were therefore 
used, which gave values of h for 16 autosomal lethals with a 
mean of about 0.04. Considering the fact that the more dele- 
terious mutants might be rarer in natural populations, and 
assuming that most of the adverse effects are produced in 
heterozygotes (due to their higher frequency), the harmonic 
mean of z for all deleterious genes was estimated to be 0.02. 
With 1.5-2.5 as the total number of lethal equivalents per ga- 
mete, this corresponds to 3%-5% of expressed lethality per 
gamete or 6 %-io % per zygote. 

Estimate of the Overall Mutation Rate of Detrimental Muta- 
tions. As noted, Haldane [32] had postulated as early as 1935 
a genetic equilibrium between selection and mutation. Over 
a sufficiently long time the number of new mutations would 
be equal to the number of detrimental alleles per generation 
that are lost due to lethality. Therefore the mutation rate was 
also thought to be approx. 0.03-0.05 per gamete per genera- 
tion. The authors assumed that one-half to two-thirds of the 
real genetic damage could not be discovered by analysis of 
stillbirths and infant mortality; for example, early embryonic 
death could not be detected. Taking this into account, a total 
mutation rate of 0.06-0.15 per gamete was calculated [54], a 
value in line with Muller’s estimate in his paper Our Load of 
Mutations [56]. The reader should keep in mind, however, 
that this figure rests on two assumptions: 

1. That the higher incidence of stillbirth and neonatal death 
in offspring from consanguineous than from nonconsan- 
guineous matings - as analyzed in their paper and leading 
to a high B/A ratio - is a true biological consanguinity ef- 
fect. 

2. That lethal and detrimental genes reduce the fitness of the 
heterozygotes as well. 

Much of the criticism of conclusions from the theory of ge- 
netic load centers around these two assumptions. 

Impact of the Genetic Load Concept on Human Popu- 
lation Genetics. The overall picture presented by this 
concept is rather gloomy. Everyone is heterozygous 
for a number of genes that lead to genetically deter- 
mined death not only in the homozygous state but 
in heterozygotes as well. There is a constant influx of 
new mutations at a high rate and with deleterious ef- 
fects. Due to the adverse effects of these mutations 
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virtually everyone is less healthy and carries more 
defects than if he were free from these mutations. 
This concept had a strong impact on theoretical 
thinking and the planning of research in human po- 
pulation genetics. This effect may have been due in 
part to its intrinsic appeal, as research along these 
lines promised an overall view of problems crucial 
for the future of our species. The scientific reputation 
of the team that proposed this concept may have con- 
tributed strongly to its success: Muller, the Nobel 
laureate who out of deep concern for the future of 
our species had left his fruit flies to help save man- 
kind; Crow, the population geneticist of high reputa- 
tion who guaranteed the solidity of the approach; 
and Morton, the brilliant young man whose imagina- 
tion opened the way to a bright scientific future. 

Discussions and Controversies Concerning the Load 
Concept. The concept of genetic load was discussed 
extensively by population geneticists [47]. On the 
one hand, it was asserted that investigation of the 
outcome of consanguineous as compared with non- 
consanguineous matings could contribute to the pro- 
blem of whether detrimental mutations (“mutational 
load”) or balanced polymorphisms due to heterozy- 
gote advantage (“segregational load”) contribute 
more to the genetic load of the human species [15- 
17]. On the other hand, it was shown that the genetic 
load concept might in some cases lead to absurd con- 
sequences [47]. Many geneticists seem to share the 
feeling that the definition of genetic advantages and 
disadvantages in the basic mathematic model is too 
static, and that the concept should therefore be ap- 
plied with great caution. (For a recent, somewhat 
more realistic variant of the concept see [18].) 

13.1.2.2 Practical Applications of the Theory 

Many attempts have been made to estimate the actual 
genetic load in human populations. Most older stud- 
ies were based on the theory of genetic load and 
may be considered as practical applications of this 
theory. Some of the more recent studies, however, 
are based on more direct medical evidence. These 
are discussed in Sect. 13.1.2.4. 

Attempts to Assess the Genetic Load by Consanguinity 
Studies. The effect of parental consanguinity on still- 
birth frequency and childhood mortality has been ex- 
amined in many studies. The most comprehensive, 
and for many reasons most reliable, set of data is 
from Japan [58, 59, 65, 66]. 

Table 13.2 gives an overview of these studies up to 
1972. The sizes of the noninbred control samples are 
not given; they are usually larger than the inbred 



samples. The B/A ratio shows variations between 
+15.2 and -5. A negative value means that childhood 
mortality was even lower in consanguineous than in 
nonconsanguineous matings. Formally, such a result 
would establish a “negative genetic load,” which bio- 
logically is nonsense. 

Most consanguinity studies on genetic load yielded 
B/A values between 5.7 and 7.8; a simple unweighted 
average gives a B/A ratio of 6.7. This result is prob- 
ably exaggerated by a lower socioeconomic status of 
the consanguineous couples. Although consanguin- 
eous marriages are socially much more accepted - 
and also more frequent - in Japan than in other, espe- 
cially Christian, countries, socioeconomic biases are 
all-pervading and, moreover, variable in direction 

[67]- 

This effect was found to be still stronger in studies 
carried out in South America, France, the United 
States, India, and Africa (Table 13.3). For easy com- 
parison the calculation of B/A ratios was restricted 
here to first-cousin marriages; hence, the data are 
not strictly comparable with the Japanese data of 
Table 13.2. However, the variability seems to be still 
larger than that among the various Japanese series. 
This is not surprising, as in European countries 
and the United States consanguineous marriages 
have become very rare (Table 13.1). In countries 
with a strong Christian tradition there is social 
pressure against such unions, and consanguineous 
couples differ in social and even psychological as- 
pects from the average population, as explained 
above. 

One way to eliminate at least a part of these biases is 
to use the children of brothers and sisters of consan- 
guineously married persons as controls. A study car- 
ried out along these lines in the Vosges mountains of 
France [29] compared 189 consanguineous marriages 
with 646 control marriages. The difference in perina- 
tal death rate was small and nonsignificant for first- 
cousin marriages; it was negligible for the more re- 
mote degrees of consanguinity (Table 13.4). The dif- 
ference in the number of sterile couples is significant 
between consanguineous and nonconsanguineous 
marriages. This result may, but need not necessarily, 
point to a higher intrauterine death rate. Moreover, 
we should always keep in mind that the A term in 
the B/A ratio contains not only the genetic compo- 
nent of mortality in a random mating population 
but all environmental components. (Apart from the 
biases, the B/A ratio is also sensitive to details of sta- 
tistical evaluation [26]. 

Altogether, the data in Tables 13.2 and 13.3 are rather 
disappointing. Considering the wide spread of B/A 
ratios, we cannot even conclude with confidence that 
inbreeding as such enhances the risk of stillbirth 
and child mortality, although this conclusion is plan- 
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Table 13 . 3 . Mortality effects from inbreeding studies. (From Fraser and Mayo 1974 [ 26 ]) 



Reference 


Population studied 
Racial classiRcation 


Location 


B/A from marriages of 
first cousins compared 
with unrelated couples 


Neel (1963)' 


Blacks 




Brazil 


6.9 


Neel ( 1963}* 


Blacks 




Brazil 


7.6 


Freire-Maia (1963) 


Blacks 




Brazil 


9 


Freire-Maia and Azevedo (1971) 


Blacks 




Brazil 


3 


Neel (1963) 


Africans 




Tanganyika 


- 1.0 


Neel (1963) 


Whites 




Brazil 


- 0.0 


Neel (1963) 


Whites 




Brazil 


- 0.6 


Freire-Maia (1963) 


Whites 




Brazil 


1.0 


Freire-Maia and Azevedo (1971) 


Whites 




Brazil 


3 


Freire-Maia et al. (1963) 


Mixed 




Brasil 


16.5 


Neel (1963) 


Whites 




U.S.A. 


7.2 


Neel (1963) 


Whites 




Chicago, U.S.A. 


6.6 


Neel (1963) 


Whites 




Morbihan France"- 


20.2 


Neel (1963) 


Whites 




Loir-et-Cher, France"^ 


13.1 


Neel (1963) 


Whites 




N. Sweden 


-3.0 


Kumar et al. (1967) 






Kerala 


20 


Roberts (1969)*’ 


Indians 




Kerala 


14.8 


^ Neel ( 1963 ) summarizes the work of many authors. 








^ Roberts modified the results of Kumar et al. ( 1967 ) [43 a] considering consanguinity other than first cousin relationships. 


^ These studies were used in Morton et al. 1956 [ 54 ]. 








Table 13 . 4 . The effects of inbreeding in 


the Vosges region of France, 1968 (from Jaquard 1974 [ 39 ]) 






First-cousin marriages 


Second-cousin marriages 


All couples 




Consanguine- 


Control 


Consanguine- Control 


Consanguine- Control 




ous couples 


couples 


ous couples couples 


ous couples couples 


Mean number of children per family 


4.2 


5.1 


4.8 4.8 


4.5 4.8 


Sterile couples (%) 


- 


- 


- 


6.9 4.6 


Perinatal deaths (%) 


11.1 


9.0 


8.0 7.9 


8.9 8.5 



sible. One conclusion, is obvious, however. The very 
high B/A ratios detected in the data analyzed by Mor- 
ton et al. [54] were not found in any other studies (see 
footnote c. Table 13.3). They were most likely caused 
by ascertainment biases or by socioeconomic differ- 
ences between consanguineous and nonconsanguin- 
eous matings. 

Recessive Diseases and Congenital Malformations in 
the Offspring of Consanguineous Marriages. The dis- 
cussion above is very abstract. If children from con- 
sanguineous matings are more often stillborn or 
tend to die during infancy and childhood, the ques- 
tion immediately arises: Why do they die? Do they 
suffer from known recessive diseases or from multi- 
factorial threshold conditions such as malforma- 
tions? 



Here the most comprehensive sets of data come again 
from Japan [65]; Table 13.5 shows the incidence of 
major malformation in three different cities. There is 
a significant difference between consanguineous and 
nonconsanguineous matings. In the same large co- 
hort of newborn Japanese infants, the overall fre- 
quency of death together with major congenital de- 
fects was 4.3% in the control children and 6.2% in 
the offspring of first cousins. Most of the congenital 
anomalies in the Japanese data were malformations 
- sometimes complex in nature - for which a reces- 
sive mode of inheritance had never been established. 
The approximate number of identifiable diseases 
with a confirmed autosomal-recessive mode of in- 
heritance cannot be established even from the most 
detailed survey [66]. This means that the huge 
amount of work invested in studies on consanguinity 
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Table 13.5. Distribution of children with severe congenital anomalies (SCA) by city of origin and parents’ degree of consan- 
guinity (from Schull 1958 [65]) 



City 


First-cousin 

marriages 


First-cousin once 
removed marriages 


Marriage of 2nd 
degree cousins 


Parents 

unrelated 


Total 


Hiroshima 


Number of children 


936 


313 


384 


26012 


27645 


Number with SCA 


17 


2 


4 


293 


316 


Percentage 


0.0182 


0.0064 


0.014 


0.0113 


0.0114 


Kure 


Number of children 


318 


113 


140 


7544 


8115 


Number with SCA 


4 


2 


1 


58 


565 


Percentage 


0.0126 


0.0177 


0.0071 


0.0077 


0.0080 


Nagasaki 


Number of children 


1592 


412 


637 


30240 


32881 


Number with SCA 


27 


4 


8 


300 


339 


Percentage 


0.0170 


0.0097 


0.0126 


0.0099 


0.0103 


Total 


Number of children 


2846 


838 


1161 


63796 


68641 


Number with SCA 


48 


8 


13 


651 


720 


Percentage 


0.0169 


0.0095 


0.0112 


0.0102 


0.0105 






Analysis* 














df 


P 





Cities 7.269 2 0.02 < p < 0,05 

Consanguinous marriages rjs normal marriages 1 1.775 3 0.001 <p < 0.01 

Interaction 2,535 6 0.75 <p<0,90 



Roy and Kastenbaum’s method (1956) is used; see Schull (1958) [65]. There is a significant difference between consanguineous 
and normal marriages in regard to frequency of major malformations. 



effects has provided no information that would en- 
able us to apportion at least part of the inbreeding ef- 
fects to a clearly defined group of genes - those lead- 
ing to recessively inherited diseases in the homozy- 
gous state. 

This does not mean, of course, that all children with 
autosomal-recessive diseases who are born in a con- 
sanguineous marriage have inherited their two mu- 
tant genes from a common ancestor. A patient with 
cystic fibrosis with consanguinous parents, for exam- 
ple, had two different CFTR gene mutations [75]. The 
proportion of homozygosity due to the consanguinity 
of parents decreases with increasing gene frequency. 
Data on parental consanguinity have been registered 
systematically since 1967 in Norway, which has a low 
rate of consanguinity. The stillbirth rate in first cou- 
sin marriages was increased to 23.6/1000, compared 
to 13.4/1000 in controls; neonatal deaths were in- 
creased from 14.9 to 34.9/1000, and there were 4.6 % 
malformations detected immediately after birth, com- 
pared to 2.2% among controls. The average birth 
weight of children from consanguineous marriages 



was also reduced [51]. However, the proportion of 
clearcut autosomal-recessive phenotypes could not 
be determined. 

Other Parameters Showing an Inbreeding Effect: Cog- 
nitive Abilities. In the course of several studies, addi- 
tional parameters were examined for consanguinity 
effects such as anthropometric measurements, dental 
characteristics, blood pressure, coordination, visual 
and hearing acuity, intelligence, and school perfor- 
mance [28, 59, 66, 67]. On the whole, and neglecting 
some inconsistencies among the various sets of data, 
there was usually a slight lowering of performance 
with inbreeding. This was especially interesting - 
and only partially accounted for by socioeconomic 
differences - in the case of intelligence and school per- 
formance. After controlling for socioeconomic factors 
by appropriate statistical techniques, there remained a 
decrease of about 6 points in the IQ value per 10 % of F 
(= 1.6 times the inbreeding coefficient in first-cousin 
matings) on the verbal and performance part of a 
standard intelligence test (Wechsler Intelligence Scale 
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for Children; for comparison: a child from a first-cou- 
sin marriage has F= 1/16 = 6.25%). School perfor- 
mance was comparably lower [66]. 

The conclusion that inbreeding reduces average cog- 
nitive performance was corroborated by a study on 
3203 Arab school children in Israel. In this Arab po- 
pulation, the rate of first-cousin marriages is about 
34%; about 4% are double first-cousin marriages. 
Socioeconomic conditions were carefully considered; 
these were practically identical in the inbred group 
and the noninbred controls. The average perfor- 
mance on three different intelligence tests was sig- 
nificantly lower in the children from first-cousin 
and especially from double first-cousin matings 
than in the control group. Average school perfor- 
mance in four major subjects showed the same dif- 
ference [4]. 

Overall Estimate of Zygote Loss Due to Parental Con- 
sanguinity. Consanguinity data on intelligence or an- 
thropometric measurements are interesting from 
many points of view. However, they do not contribute 
to our knowledge of the influence of parental consan- 
guinity on mortality of the zygotes before reproduc- 
tive age. This is the only important parameter for 
the problem of “lethal equivalents.” Tables 13.2 and 
13.3 present data confined to conceptuses who died 
around the time of birth and during early childhood. 
The data do not include loss of conceptuses due to 
early miscarriages those that survived from about 
the age of 8 up to adulthood. The latter period may 
safely be neglected, as mortality within this group is 
generally very low in modern society. Only very few 
data are available regarding spontaneous abortion. 
Schull and Neel (1972) [67] attempted an estimate, 
shown in Fig. 13.11. 



13.1.2.3 Critical Evaluation 

Theoretical Interpretation. Taken at face value, all 
these data could be interpreted in terms of lethal 
equivalents, as proposed by Morton et al. [54], and 
their number could be estimated. However, the very 
fact of the variability of B/A values among the various 
studies (Tables 13.2, 13.3) should be a cause of skepti- 
cism. The genetic model underlying the analysis of 
these data assumes that the effects of lethal genes 
are independent of each other. Such an assumption 
is certainly an oversimplification that soon leads to 
conceptual difficulties, which might be overcome by 
adoption of other genetic models such as assuming a 
certain threshold for the tolerable number of homo- 
zygous genes compatible with survival. However, 
even this adjustment does not remove the main diffi- 
culty in interpreting such data: the lack of specificity 
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Fig. 13.11. Loss of zygotes in relation to parental consanguin- 
ity by miscarriage and by early death (8th month of pregnan- 
cy to the age of 21). (From Schull and Neel 1972 [67]) 



of the phenotypic differences between offspring of 
consanguineous and nonconsanguineous marriages. 

Medical Evidence. Let us look at stillbirth frequency 
and neonatal death - the most frequently used para- 
meters. Both are known from medical information to 
be caused sometimes by genetic factors. In the major- 
ity of cases, however, no hereditary factors can be im- 
plicated. The placenta may detach itself prematurely, 
or the child is strangled by the umbilical cord, or its 
position is such that delivery cannot proceed proper- 
ly, or delivery lasts so long that the child is suffocated, 
and so on. Death in infancy or early childhood may 
be due to infection, malnutrition, or many other rea- 
sons. In some fatalities a genetic component is often 
plausible, in others doubtful, and in still others very 
unlikely. Moreover, pregnancy supervision, improved 
obstetrical techniques - for example, frequent cesar- 
ean sections - and better medical care for the new- 
born have succeeded in reducing the perinatal death 
rate to i%-3% or less in all developed countries. 
This frequency is less than 10 % of the perinatal mor- 
tality rate around 1900. One might argue that many 
children suffer from a gene mutation that would be 
lethal under more primitive living conditions. How- 
ever, such children do not appear to suffer any ill ef- 
fects following the critical perinatal period. 

One example that has been analyzed fairly well is py- 
loric stenosis, which is more frequent in male infants. 
The recurrence risk is about 2%-6% for first-degree 
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relatives of male probands and io%-20% for first- 
degree relatives of female probands. All data point to 
multifactorial inheritance in combination with a 
threshold effect (Sect. 6.1); a certain increase with 
parental consanguinity should therefore be expected. 
Patients have a hypertrophic pyloric muscle that pre- 
vents the stomach from emptying its contents into 
the duodenum, and in earlier times such patients of- 
ten died as infants. Today the surgeon cuts the pylo- 
ric muscle, which allows normal gastric emptying. 
This simple operation removes all ill effects, and the 
children grow up to become normal adults. It has 
been suggested that they have well-developed muscles 
and score above-average success in athletics (C.O. 
Carter, personal communication). 

If the effects of many other lethal equivalents causing 
early death resemble this example, then “so what”? 
Let us live happily ever after with our lethal equiva- 
lents. Other causes of early death, however, may not 
be quite as trivial. For example, the studies in Japan 
suggest that one reason for the increased death rate of 
infants and children from consanguineous marriages 
is a higher susceptibility to infections [66]. The reader 
is invited to consult textbooks on obstetrics and pe- 
diatrics for causes of stillbirth and neonatal and infant 
death. Some are genetic and many can now be defined 
exactly. Other genetic conditions will certainly be dis- 
covered by future research in medical genetics; large- 
scale consanguinity studies have so far contributed lit- 
tle to identifying of genetic causes of neonatal deaths. 

13.1.2.4 More Direct Approaches for Calculating 

the Number of Deleterious Recessive Genes 
per Individual 

More direct approaches have been used in recent 
years for calculating the average number of deleter- 
ious recessive genes per individual. These studies 



were limited to genes leading to abnormal pheno- 
types in the homozygote. This means that mainly 
that part of the overall “genetic load” was considered 
which is relatively well defined from the genetic and 
medical viewpoint. One approach is the study of chil- 
dren from incestuous matings between close rela- 
tives. Here the highest inbreeding coefficients of all 
human matings are observed {F = 1/4 in father- 
daughter and brother-sister matings). Hence, if hu- 
man beings are indeed often heterozygous for dele- 
terious recessive genes, a high proportion of homozy- 
gous and therefore severely handicapped children 
should be detected among the offspring of such mat- 
ings. 

Studies on Children from Incestuous Matings [1, 10, 
70]. Four studies have been published on children 
from matings between first-degree relatives (Ta- 
ble 13.6). All investigations show that a high propor- 
tion of children from such matings are severely defec- 
tive. Taken at face value, this result would suggest 
that the number of recessive genes carried in the het- 
erozygous state by the individuals involved in these 
matings is very high indeed. Moreover, diseases with 
a known autosomal-recessive mode of inheritance 
such as Sanfilippo disease, a mucopolysaccharidosis 
(Sect.7.2.2.3), homocystinuria (Sect. 7.2), cystic fibro- 
sis, and deaf mutism were found among these chil- 
dren. 

If all severely defective children in these series are ta- 
ken to be homozygotes for recessive genes, the num- 
ber of such genes can be calculated [63]. In the four 
series of Table 13.6, 85 of 190 surviving children 
(44%) are affected with a disease that could be 
caused by homozygosity of a recessive gene. If a 
man is heterozygous for one recessive gene (Aa), his 
daughter (or sister) has a chance of 1/2 of being het- 
erozygous as well, and there is a 1/2 x 1/4 = 1/8 risk 
that the child will be homozygous for the anomaly. 



Table 13.6. Children from matings between first-degree relatives (father-daughter and brother- sister matings) 



Authors 


Country 


No. of 
children 


No. of severely 
defectives 


Remarks 


Adams and Neel 
(1967) [1] 


U.S.A. 


IS 


6 


In a control series of the same size that 
was matched for age, race, weight, sta- 
ture, and social status, only one defec- 
tive child was found 


Carter (1967) [lOl 


UK. 


13 


8 




Seemanova (1971) 


C.S.S.R. 


161 


60 of 138 survivors; 


In a control series of 95 children from 


[70| 




(138 surviving) 


(40 severely 
mentally defective) 


the mothers involved in the incestuous 
matings with nonconsanguineous spou- 


Baird and McGillivray 
(1982) [3] 


Canada 


21 


9 


ses, only five severe defects were found; 
no child was severely mentally retarded 
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If the man is heterozygous for n recessive genes, his 
child from a father- daughter or brother-sister mating 
has a chance of (7/8)" of not being homozygous and 
therefore of being unaffected. This opens the possibi- 
lity to calculate n, the number of recessive genes for 
which an individual is heterozygous. In the data of 
Table 13.6, (7/8)" = 1 - 0.44 = 0.56; (7/8)4 = 0.586; 

(7/8)5 = 0.513. Therefore the number of recessive 
genes per individual would be between 4 and 5, well 
in line with Muller’s estimate. 

Most of the defective children, however, suffered 
from less characteristic abnormalities such as “un- 
complicated idiocy.” Moreover, the study comprising 
the most comprehensive data [40] showed clearly 
that many of the adults involved in these incestuous 
matings were mentally subnormal. Therefore it is ex- 
tremely difficult to disentangle the contribution of 
autosomal-recessive defects that were uncovered by 
close consanguinity, on the one hand, and the contri- 
bution of parental genotypes and adverse environ- 
mental conditions, on the other. How many children 
might have suffered, for example, from the fetal alco- 
hol syndrome? Still, it is reasonable to assume that 
homozygosity contributes a significant proportion of 
these defects. This conclusion would mean that, in 
the parent population, many individuals may be het- 
erozygous for such genes. 

Consanguinity in Parents of Severely Mentally Retard- 
ed Children. If heterozygosity for genes leading to se- 
vere mental retardation is relatively common, homo- 
zygotes for such genes should be relatively frequent 
among severely mentally retarded individuals, and 



one would expect an increase in parental consangui- 
nity in this group. Moreover, sibs of such patients 
should fall clearly into two groups, normal and 
severely mentally retarded. This prediction is con- 
firmed by studies from Israel [14]. A study of 904 fa- 
milies of mental retardates reported 18 % individuals 
regarded as homozygotes among severe retardates 
with nonconsanguineous parents and no affected 
sibs, and approximately 75 % among severe retardates 
with affected sibs or first-cousin parents. Most of 
these probands had no metabolic diseases. Another 
study [55] on 703 probands and their families in Ha- 
waii observed a certain increase in parental consan- 
guinity, especially in a group called “biological” and 
comprising mainly severely retarded patients. This, 
again, suggests a certain proportion of cases with 
simple recessive inheritance. 

Alternative Approach for Calculating the Average 
Number of Deleterious Recessive Genes in Humans. 
With the increasing use of screening programs for in- 
herited metabolic disease it is now feasible to calcu- 
late the proportion of heterozygotes for such diseases 
(ipq) directly from the homozygote frequency (q^). 
Harris (1975) [36] based such an estimate on data 
from a comprehensive screening program in Massa- 
chusetts [45]. From the data in Table 13.7, it can be 
concluded that an average of 11 % of the parent popu- 
lation are heterozygous for one of the 14 conditions 
screened in this population. 

It is tempting to expand this consideration. Let us as- 
sume that there are genes for another 100 recessive 
diseases in the same population, and that each of 



Table 13.7. Incidence of certain metabolic disorders among newborn infants in Massachusetts (from Levy 1973 [45]) 



Disorder 


Total 

screened 


No. 

detected 


Incidence 


Estimated frequency 
of heterozygotes 
(per 1000) 


Phenylketonuria 


1012017 


66 


1: 15000 


16 


Cystinuria 


350176 


23 


1: 15000 


16 


Hartnup disease 


350 176 


22 


1: 16000 


16 


Histidinemia 


350 176 


20 


1: 17500 


15 


Argininosuccinic acidemia 


350176 


5 


1: 70000 


8 


Galactosemia 


588 827 


5 


1:118000 


6 


Cystathioninemia 


350 176 


3 


1:117000 


6 


Maple syrup urine disease 


872660 


5 


1:175000 


5 


Homocyst inuria 


480271 


3 


1:160000 


5 


Hyperglycinemia (nonketotic) 


350176 


2 


1:175 000 


5 


Propionic acidemia (ketotic hyperglycinemia) 


350176 


1 


<1:350 000 


3 


Hyperlysinemia 


350176 


1 


<1:350 000 


3 


Vitamin D dependent rickets (with hyperaminoaciduria) 


350176 


1 


<1:350000 


3 


Fanconi syndrome 


350176 


1 


<1:350000 


3 



110 = 11 % 
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them has a homozygote frequency of 1:1000000 
(gene frequency q = 1/1000; heterozygote frequency 
2pq ~ 1/500). Neglecting multiple heterozygotes, this 
would add another 20 % to the number of heterozy- 
gotes, giving an overall frequency of 11 % + 20 % = 
31 % heterozygosity for any one of 114 (14 + 100) re- 
cessive genes in the general population. Since there 
are more than 1600 recessive diseases, and the fre- 
quency of some of these is higher than 1 in 1 million, 
the figure of 31 % is a minimum estimate of hetero- 
zygosity. As noted, there appear to be a number of re- 
cessive genes that lead to unspecified severe mental 
retardation. All these genes together might even be 
fairly common. No quantitative estimates for the ex- 
act frequency of such genes are possible at present. 

Consanguinity Effects and the Level of Genetic Analy- 
sis. Analyses in population genetics will prove more 
satisfying the closer the objects of analysis are to 
gene action. One of the reasons for the satisfying re- 
sults of analysis of natural selection on the hemoglo- 
bin variants is that these variants were analyzed at 
the level of genes and gene action (Sect. 7.3). This per- 
mitted an incisive scrutiny of the mechanism of se- 
lection. 

The possible genetic damage by lethal or detrimental 
mutations as revealed by offspring of consanguineous 
as compared to nonconsanguineous marriages has 
been analyzed so far principally at the biometric- 
phenotypic level: genetic variability seems to be pre- 
sent, but simple modes of inheritance or specific 
genes have not been identified. Data have conse- 
quently been collected and possible consanguinity ef- 
fects have been revealed; interpretations, however, in 
terms of genetic mechanisms are extremely difficult 
and, for many questions, controversial. To overcome 
these difficulties elaborate statistical techniques have 
been applied, but mainly with the result that socio- 
economic variability was shown to obscure most of 
the biological effects, making specific conclusions re- 
garding genetic mechanisms hazardous if not impos- 
sible. As discussed below (Chaps. 15, 16), essentially 
the same is true for many aspects of human behavior 
genetics; analysis at the phenotypic-biometric level 
leads to ambiguous results. 

More satisfactory results can be expected from stud- 
ies on the frequency of heterozygosity for well-de- 
fined recessive diseases, such as the metabolic defects 
included in population screening programs. These 
diseases have been analyzed at the gene product bio- 
chemical and DNA level and often at the level of en- 
zyme activity. Therefore calculating average hetero- 
zygosity per individual may lead to fairly clearcut re- 
sults. 

In studies on incestuous matings many of the ob- 
served phenotypes are not well-defined, but it is rea- 



sonable to assume that for some a single recessive 
mode of inheritance may also apply. Studies on the 
outcome of consanguineous marriages show, again, 
that a global, comprehensive approach with broadly 
defined phenotypes leads to less satisfactory results 
than an analysis of specific, well-defined traits or dis- 
eases. 

Despite these difficulties it is possible to ask a num- 
ber of specific questions in consanguinity studies. 

Effect of Long-Standing Inbreeding. What is the con- 
sequence of long-lasting inbreeding - as in Southern 
Indian populations, where uncle-niece unions with 
F = 1/8 are socially preferred - for the frequency of 
recessive genes in the population? To what degree 
are these genes being continuously eliminated? Any 
hidden deleterious genes can be exposed by inbreed- 
ing only if the ancestors of individuals who under- 
take a consanguineous marriage had mated at ran- 
dom for many generations. A past history of many 
generations’ inbreeding would have “cleaned” the 
gene pool from deleterious mutations a long time 
ago. Assuming a constant overall mutation rate, the 
overall selection against deleterious genes could 
adapt itself to this mutation rate, but the gene fre- 
quencies at equilibrium between mutation and selec- 
tion would be much lower than in a population with 
a long history of random mating. Hence, comparison 
of progeny from consanguineous and nonconsangui- 
neous matings in a population with a history of in- 
breeding should lead to a smaller B/A value than in 
a population with a past history of more or less ran- 
dom mating. 

This expectation has recently been confirmed in studies on 
fetal development, incidence of malformations, and repro- 
ductive wastage (abortions, stillbirths, death during first 
year of life) among the offspring of more than 20 000 women 
in southern India [61, 62]. In the sample examined for the 
study on reproductive wastage, almost 47 % of women in rur- 
al areas and 29 % of those in towns were married to a close 
relative, in at least 80 % of cases to a maternal uncle (F = 
1/8). Among more than 70000 pregnancies there was a 
marked difference between women living in rural and urban 
areas, rural women having suffered a much higher incidence 
of fetal loss and infant death during the first year of life. 
However, there was only a marginal difference between con- 
sanguineously and nonconsanguineously married women in 
both rural and urban subsamples, and no consistent increase 
with degree of consanguinity. More than 14000 pregnancies 
were followed in the study on fetal development and malfor- 
mation, which was performed using a prospective research 
design in the same sample of mothers. No increased inci- 
dence of congenital malformations in comparison with con- 
trols was observed in children of consanguineous parents. 
There was no effect of consanguinity, on gestational age, 
birth weight, or body length. 

The entire body of data appears to confirm the expectation 
that long-standing, high inbreeding depletes the gene pool 
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of deleterious genes. However, even this conclusion cannot be 
generalized; another study from a different southern Indian 
population [23] found an extremely high inbreeding coeffi- 
cient (F = 0.0414), but genetic diseases among children, espe- 
cially those with an autosomal-recessive mode of inheritance, 
were clearly increased in the inbred group. Inbreeding is also 
very high in many Muslim populations, where marriages be- 
tween first cousins are very frequent. Still, an increase in un- 
toward pregnancy outcome has been observed repeatedly [31, 
38, 71]. Thus in view of the difficulties discussed above in dis- 
entangling biological from socioeconomic effects, the conclu- 
sion that long-standing, intensive inbreeding depletes the 
genome of genes that are detrimental in homozygotes should 
be regarded with caution, although it is plausible. 

This notion explains why, in theory, a comparison of 
two populations, one having a long history of close in- 
breeding and the other a history of nearly random mat- 
ing, would be interesting. However, the two popula- 
tions should live under otherwise similar conditions 
and should have a similar anthropological background. 
There exist, for example, other southern Indian popu- 
lations in which inbreeding has been so much lower 
that they could serve as suitable controls. Again, how- 
ever, the problem for such a research project would be 
the suitable selection of gene-defined phenotypic char- 
acteristics. The aspects of consanguinity for genetic 
counseling are discussed in Chap. 18. 

13.2 Differentiation 

Between Population Subgroups 

13.2.1 Genetic Distance 

Real Mating Structure of Human Populations. The usual as- 
sumption that in human populations random matings prevail 
is an abstraction. Even beyond the circle of immediate rela- 
tives, the choice of mates is not random at all. It depends on 
distance of birth places, limitations due to language, race, so- 
cial class, religion, and other factors. At present this nonran- 
domness is tending in many societies to decrease strongly. 
Throughout history, however, nOnrandom matings have 
been much more frequent than today. The choice of mates 
was especially restricted during the thousands of generations 
in prehistory during which our ancestors lived in small 
groups as hunters-gatherers. Studies of present-day popula- 
tions still living under comparable conditions are especially 
well suited to give an impression of the population structure 
at that time. 

Population groups living in relative isolation from each other 
gradually become different genetically - either under the in- 
fluence of differing selection pressure or due to different 
adaptations to the same selective agent, or simply due to 
chance fluctuations of gene frequencies (Sect. 13.3). The ulti- 
mate goal of population genetics is a causal analysis of such 
population differences. In most cases, however, this is impos- 
sible. In the absence of more specific evidence it is often use- 
ful to begin with the assumption that genetic similarities 



among populations are caused by common descent. There- 
fore the more similar two populations are, the closer is their 
genetic relationship. This means that their separation is as- 
sumed to date back only a short time if they are similar, and 
a longer time if they are less similar. Hence we draw conclu- 
sions from the present-day genetic composition of population 
groups as to their history. This concept is in principle the 
method underlying any classification of human beings into 
subtypes such as races. 

Section 12.2.1.7 presents a well-analyzed example of this kind: 
the spread of HbE in the Austro-Asiatic language group of 
southeastern Asia. Here the mutation to the allele be- 

came frequent under the influence of a selective advantage 
due to malaria. It “migrated” with subpopulations of this 
group into various regions, and a high frequency of Hh/ 3 F is 
now an indicator not only of continuing selection due to ma- 
laria but also of descent from a certain population group. 
Thus the Hh/ 3 E gene is an indicator of population history. 

Population History or Selection? At the same time, the south- 
eastern Asian example shows how ambiguous the distribu- 
tion of such a genetic trait may turn out to be. The Hb/ 3 E 
gene is usually rarer in populations of the great southeastern 
Asian river plains than in the more malarious hills. This dif- 
ferential distribution, however, has nothing to do with a se- 
paration in remote history but is simply a consequence of 
less intense selection pressure due to malaria in relatively re- 
cent times. 

Genetic similarities between populations are ambiguous. 
They may, but need not necessarily, reflect a common his- 
tory. They may result from a parallel development under the 
influence of similar selection pressures. The southeastern 
Asian example used only a single gene as an indicator of si- 
milarity between populations. One could argue that the great- 
er the number of different genes included in such considera- 
tions, the less likely it is that all of them were subject to simi- 
lar selection pressure. Therefore similarity between popula- 
tions in many different genes argues very much in favor of 
their relationship by common descent. Research work de- 
scribing populations in terms of their overall similarities 
and differences has usually tried to include as many inherited 
characters as possible and has used methods of multivariate 
statistics. Nevertheless, conclusions from such studies should 
always be considered with the reservation that nothing is 
usually known of the selection pressures that have been in- 
volved. A very strong argument in favor of a common origin 
of two populations - or at least in favor of substantial gene 
flow between them some time during their history - is the 
occurrence in both of them of identical mutations, especially 
if these mutations do not belong to the more common types, 
such as G ^ A transitions, and if they are found within iden- 
tical DNA haplotypes. 

Methods for Determining Genetic Distances. A number of ex- 
cellent reviews on methods for assessing genetic distances 
between populations are available [11, 39, 78]. For continu- 
ously distributed characters such as anthropometric mea- 
surements the generalized distance of Mahalanobis is of- 
ten used; a simplified version is the index of Penrose. 
For alternatively distributed traits such as genetic poly- 
morphisms with simple modes of inheritance the arc and 
chord measure of Cavalli-Sforza and Edwards (1964) [12] has 
become popular. 
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13.2.2 Gene Flow 

Apart from selection (discussed above) and chance 
fluctuations of gene frequencies (to be examined be- 
low), the composition of a population is also influ- 
enced by gene flow. The term “migration” is often 
used to denote gene flow from one population to an- 
other. 

Ejfects of Migration on Gene Frequencies [46]. The ef- 
fect of migration on gene frequency is examined here 
using a somewhat oversimplified model. A large po- 
pulation may be subdivided into many subgroups, 
with an average gene frequency q; each subgroup ex- 
changes a fraction m of its genes with a random sam- 
ple of the whole population every generation; q the 
gene frequency in the first generation in the sub- 
group to be considered. The gene frequency in this 
subgroup in the next generation is: 

q' = {1 - m)q mq = q- m{q - q) 

Aq = q'-q = -m{q - q) 

where Aq is proportional to the deviation of the sub- 
group gene frequency q from the overall average (q), 
as well as to m. In the long run, and in absence of 
other factors such as differential selection between 
subgroups, differences level out, and all subgroups 
will have a common gene frequency q. 

This model is not realistic, as immigrants often come 
mainly from neighboring subgroups. If neighbors 
tend to deviate from the average population mean in 
the same direction as the “receptor” subgroup, the 
speed of the leveling out between subgroups is re- 
duced. For actual calculations it is more realistic to 
regard q not as the overall population average but as 
the average of actual immigrants. 

Migration and Selection. If the population sub- 
groups are subject to different forces of selection, 
the process of leveling-out may be counteracted. 
Three different situations may be distinguished (for 
a mathematical treatment of these problems see Li 
[46] and, at a more sophisticated formal level, Jac- 
quard [39]): 

1. If rate of migration and intensity of selection are of 
the same order of magnitude, the gene frequencies 
of subgroups may remain very different from each 
other. 

2. If selection intensity is much larger than immigra- 
tion rate, the subgroup gene frequency is deter- 
mined largely by selection, with only a weak, dilut- 
ing effect due to migration. 

3. On the other hand, if the proportion of immigrants 
is much larger than selection intensity, the effects 
of migration override that of selection. 



In any case a stable genetic equilibrium between se- 
lection, on the one hand, and migration, on the other, 
may ensue. This situation is somewhat similar to that 
of the equilibrium between selection and mutation 
(Sect. 9.1.3). 

Measuring the Admixture of Genes to a Population 
Subgroup. The proportion of genes that one popula- 
tion has received from another by gene flow is often 
investigated. 

Let q^ be the frequency of a gene in the “pure” ances- 
tor population and q^ that of the same gene in the 
present-day hybrid population for which admixture 
of foreign genes is assumed. The frequency of this 
gene in the “donor” population is q^. The fraction m 
of genes in the present-day hybrid population that 
originated in the donor population can the be calcu- 
lated as follows: 

q„ = mq,+ {l-m)q„ 

and therefore: 

The (large- sample) variance of m can be calculated as 
follows: 

\Hc na) 

Rationale for Measuring the Admixture of Genes to a 
Population Subgroup. In recent years the problem of 
how many genes from whites (and other groups) are 
present in the African-American populations has re- 
ceived much attention. Arriving at an answer, while 
simple in principle, depends on a number of condi- 
tions that are difficult to meet [64]: 

a) The exact ethnic composition of the ancestral po- 
pulations and the gene frequencies of the genes 
used for these estimates should be known. 

b) There should be no systematic change in gene fre- 
quency between ancient and modern generations 
within either of the two populations for the gene 
or genes to be included in such a study. Such sys- 
tematic changes may be caused by natural selec- 
tion. In African-Americans, for example, the 
sickle cell gene is relatively common. This gene 
has attained its present frequency in Africa de- 
spite selection against homozygotes by positive 
selection due to falciparum malaria (Chap. 12), 
which does not occur in North America. There- 
fore the sickle cell gene must have been subject 
to negative selection due to segregation of homo- 
zygotes with sickle cell anemia in the United 
States; an estimate based on this gene would over- 
rate white admixture. 
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However, this argument can be reversed: If an esti- 
mate of admixture is based on one or ideally many 
genes that fulfill the preconditions, the difference be- 
tween this admixture estimate and the estimate from 
the gene under selection may be used to indicate se- 
lection and to measure selection intensity. 



Estimates of the Admixture of Genes from Whites to 
African-Americans. African-Americans are descend- 
ed from slaves imported from western Africa (e.g., 
Nigeria, Senegal, Gambia, Ivory Coast, Liberia). 
Gene frequencies of most genetic markers show defi- 
nite variation in these ancestral populations. The 
same is true for the American white population, 
which originated from immigration of various Euro- 
pean groups. Moreover, those genes that entered the 
gene pool of African-Americans may not be an un- 
biased and random sample of the genes of all North 
American whites. It is possible that certain segments 
of the white population were more extensively en- 
gaged in outbreeding than others. Still, careful assess- 
ment of possible biases may help to estimate the cor- 
rect order of magnitude of admixture [64]. 
Calculations of admixture based on blood group sys- 
tems and serum factors thought to be under little or 
no differential influence by selection (Rhesus; Duffy; 
Gm serum groups) range between m = 0.04 and 
m = 0.30 for various African-American subpopula- 
tions. Estimates from southern rural areas give lower 
values than those from northern metropolitan cities, 
which usually range above 0.2. 

An example can be used to show the method of cal- 
culation. The allele Fy^ of the Duffy blood group sys- 
tem has a gene frequency = 0.43 in American 
whites. In the population of western Africa its present 
frequency q^ is less than 0.03; in most subgroups Fy^ 
is completely absent. It may be assumed that its fre- 
quency was very low at the time when slaves were ta- 
ken. Among today’s African-American population of 
Oakland, Calif, (n = 3146) the Fy^ gene was found 
with a gene frequency of q^ = 0.0941 ± 0.0038; the 
corresponding value in the white population 
(n = 5046) was q^ = 0.4286 ± 0.0058; q^ (gene fre- 
quency in the African population) may be assumed 
to be 0.0. The formula given above leads to the fol- 
lowing estimate of admixture: 



q^ ^ 0.0941 
q, ~ 0.4286 



0.2195 



If q^ is taken to be 0.02, this estimate would be 0.181. 
Therefore the admixture of genes from whites as esti- 
mated from the Duffy blood groups accounts for 
i 8%-22% of the gene pool of African-Americans in 
Oakland. An estimate of admixture for the same po- 
pulation from ABO blood groups leads to a similar re- 
sult (m = 0.20) [1857]. 



Evidence of Selection. As noted, admixture estimates 
for m calculated for genes that had been subject to 
selection in Africa can be used to examine whether 
and in which direction a change of the selection pat- 
tern has occurred in their new habitat. A number of 
studies on African-Americans have consistently indi- 
cated higher estimates for three genetic markers: the 
sickle cell gene (Hb /3 S); the allele for the African 
variant of G6PD (Gd^“), and the haptoglobin allele 
Hp\ As discussed in Sect. 12.2, Hh/S S and Gd^~ in 
Africa are subject to selection by falciparum malar- 
ia; haptoglobin is a hemoglobin transport protein. 
The values for admixture were consistently higher 
than those derived from Duffy or ABO blood groups; 
they ranged from about 0.49 (Gd^~ in Seattle in the 
northwest) to about 0.17 (Gd^“ in Memphis in the 
south). These results point to selection against these 
genes in the United States, a country without malar- 
ia. Because the necessary data are lacking, the exact 
extent of this selection cannot be determined. It 
has been pointed out that because of the many bia- 
ses in such studies other approaches should be 
used to confirm selective factors for genes that do 
not conform to the migration estimates by this 
method. 



13.3 Chance Fluctuations of Gene Frequencies 

13.3.1 Genetic Drift 

Deterministic and Stochastic Models. All the discus- 
sions above are based on Mendelian segregation ra- 
tios and the Hardy- Weinberg Law; parameters such 
as mutation rates, selective values, and inbreeding 
coefficients are treated as constants that have certain 
relationships with each other. The models were deter- 
ministic. In real life, however, these parameters are 
statistical variables that are subject to chance fluctua- 
tions. The processes examined in population genet- 
ics, such as changes in gene or genotype frequencies 
under the influence of these parameters, are not 
strictly deterministic; they are stochastic or random 
processes. 

For infinitely large populations chance fluctuations 
become negligible, and the operation of stochastic 
processes has no effect on the results of deterministic 
models. The use of deterministic models is justified if 
one is interested in learning how in principle a cer- 
tain parameter changes the genetic constitution of a 
population. 

One example, the dynamics of the alleles Hb^S and 
Hb)SC in western Africa (Sect. 12.2.1.7; Fig. 12.26), ex- 
plicitly considered fluctuations of gene frequencies 
under selection pressure in a finite population, but 
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even if we compare the observed population frequen- 
cies of a blood group system with their Hardy- Wein- 
berg expectations statistically, we implicitly consider 
chance fluctuations as well. Even if all available indi- 
viduals could be blood-typed, there still would be 
chance deviations. 

During most of human evolution the population size 
was relatively small, and the human species was frag- 
mented into several small breeding groups. Such iso- 
lates remained frequent until recent times, and some 
continue to exist today. Some of the theoretical con- 
sequences of this need to be considered. 

Island Model. Let us look at an extreme example. On each of 
160 solitary islands in the Pacific one married couple settles. 
All 320 individuals have blood group MN. Every couple has 
a son and a daughter who, an incestuous mating, become 
the ancestors of each island population. No MN genotype 
has any selective advantage or disadvantage. After several 
hundred years we examine the MN blood groups of the island 
populations. What do we find? 

The founder population was identical genetically with respect 
to this characteristic. Our first assumptions is therefore that 
the same holds true for their progeny, as there was no selec- 
tion and - let us also assume this - no new mutation. Upon 
somewhat closer scrutiny, however, this assumption turns 
out to be wrong. Since in all cases both parents are MN, their 
children are expected in a proportion of: 

1/4 MM + 1/2 MN+ 1/4 NN 

This leads to the following probabilities for the genotypes of 
the sib pairs that are the ancestors of the island populations: 

MM X MM = I X I = 

MN X MN = I X i J 

NNxNN = ix| = i 

MM xMN = 2xixi = i 

4 2 4 

MM X NN = 2 X i X i = i 
NN X MN = 2 X i X i = i 

It follows that in the first generation an average of ten islands 
contain only MM individuals, and another ten have only NN 
individuals. On 40 islands both children are MN. The other 
100 islands contain two genotypes each: 40 MM and MN, 
40 MN and NN, and 20 MM and NN. 

The genotype frequencies of subsequent generations ob- 
viously depend on this distribution. This consequence is 
most obvious for the ten islands with the MM x MM pair 
and the ten islands with an NN x NN pair. Their populations 
must be purely MM and NN, respectively. The other allele 
has been lost by chance - without any selective disadvantage. 
We may call these processes random fixation and random ex- 
tinction, respectively. 

M and N are common alleles. However, one of the few indivi- 
duals founding such an island population may be heterozy- 
gous for a rare allele. This allele has a good chance to become 
frequent in subsequent generations, unless eliminated by ran- 
dom extinction (see below). Such “founder effects” are com- 
mon in human populations. For example, the dominant con- 



dition porphyria variegata ( 176200 ) is common in the Afri- 
kaans-speakers of South Africa and has been traced back to 
an early immigrant, one of the founders of this population 
group. 

A More General Case. Returning to our island exam- 
ple, random extinction and, correspondingly, random 
fixation of an allele may occur not only in the first 
generation - as described above - but in subsequent 
generations as well. Its probability increases with de- 
creasing size, Ny of the breeding population. (Here 
the capital letter N is used, as n comprises the total 
population including the aged, the children, and the 
nonfertile. Moreover, random extinction and fixation 
are only extreme cases; in less extreme cases both al- 
leles are maintained, but their frequencies fluctuate 
at random.) 

This fluctuation is frequently called “genetic drift.” 
Below, genetic drift is examined in a slightly more 
formal way [46]. 



Let us assume a breeding population of N diploid individuals. 
This population may be visualized as the result of a random 
sample of iN gametes from the preceding generation. In this 
generation, let q be the gene frequency of the allele a, and 
p = 1 - q that of the allele A. The number of genes a in the 
present generation of N individuals follow a binomial distri- 
bution: (p + qY^. This means: the 2 N + 1 possible values of 
the frequency ^ of a in this generation are: 



Q 1 2 3 / 2N-1 

2N’ 2N’ 2N’ ■ ' ” 2N” ‘ ” 2N 



(13.6) 



and the probability for q to assume a certain value qj = j/iN 
is: 

(y)p“-V = (13.7) 

Now let dq = qi~ q be the chance deviation of q from one 
generation to the next. (In contrast, Aq denotes the systemat- 
ic deviation as caused, for example, by natural selection.) It 
follows from the above distribution that: 



^dq ■ 



2N 



(13.8) 



Hence this variance - which describes the extent of the fluc- 
tuation in q from one generation to the next - is inversely re- 
lated to N, the population size. For example: 

N=50; q = 0.5 

We obtain: 






fi.5 X 0.5 
2x50 



= 0.05 



The probabilities with which the various values of q occur are 
given in Table 13 . 8 . 

This distribution may be viewed from yet another angle. Let 
us assume a large number of loci, all with a gene frequency 
of q = 0.5 in the parent generation. Some of them assume a 
higher and others a lower frequency in the next generation, 
according to the distribution set out in Table 13 . 8 . 
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Table 13.8. Probability distribution of gene frequency q in N = so children if q = 0.5 in the parent’s generation (from Li 1955 
[46]) 



q = <0.35 


0.35 

^.40 


0.40 

- 0.45 


0.45 

- 0.50 


0.50 

- 0.55 


0.55 

- 0.60 


0.60 

- 0.65 


> 0.65 


Total 


Probability 0.002 


0.021 


0.136 


0.314 


0.341 


0.136 


0.021 


0.002 


1000 



Decay of Variability [46]. The island example above 
shows that a given allele may disappear by chance 
from the population; in this case, the partner allele 
is fixed. As seen from Eq. 13.7 and Table 13.8, this pro- 
cess has a certain - albeit usually small - probability 
in a finite population. Once fixation has occurred, 
however, it cannot be reversed. The probability of 
fixation (i. e., of q becoming 0 or 1) tends to 1 with in- 
creasing number of generations. In the long run 
therefore a population group will sooner or later be- 
come completely homozygous even in the absence of 
selection if neither mutation nor migration disturb 
the process. This phenomenon is called “decay of 
variability.” 

Let K be the rate of fixation or extinction of alleles 
per generation, K/i being either the fixation or the 
extinction rate. It can be shown [53] that K = i/(2N). 
Hence in one generation i/(4N) of all such alleles be- 
come extinct, and i/(4N) become fixed. 

We return to this discussion below and extend it, in 
the context of molecular evolution (Sect. 7.2.3). 



13.3.2 Genetic Drift in Co-operation 
with Mutation and Selection 

Mutation. Let us imagine a large population that is 
composed of a great number of small or moderately 
sized subpopulations. The distribution of gene fre- 
quencies q in these subpopulations depends on the 
size of the breeding population (iV), the mutation 
rate // (A ^ a), and the back mutation rate v 
(a — > A). If the mutation rate is constant and identical 
in both directions (A ^ a; a ^ A), the distributions 
in Fig. 13.12 are possible, depending on N. The mean 
of q is identical in all cases (in our example: 
q = o.s). The variance, however, increases with de- 
creasing N. With small N, the marginal classes close 
to ^ = 0 and q = i predominate, indicating a high 
rate of random extinction and random fixation. 
With high Ny on the other hand, the distribution clus- 
ters closely around the mean. 

Fate of a New Mutation. The preceding section con- 
sidered mutations occurring at a constant, recurrent 
rate. What is the fate of a single new mutation in a 
population? The mutation is present in one sperm or 
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Fig. 13.12 a-e. Distribution of gene frequency q in small po- 
pulations in relation to the breeding population size N. Muta- 
tion rates ^ and back-mutation rates v are assumed to be 
identical, a Nju very small, b 4Nfj, = 4NV = 1. c 4Nju = 4NV = 
1.5. d 4Nfi = 4 Nv = 10. e 4iV/^ = 4NV = 20. With small popula- 
tion size (a) many populations are homozygous for one of 
the two alleles (q = o or q = 1); with very large population 
size (e) q clusters around 0.5. (From Li 1955 [46]) 



one oocyte. The zygote formed from these two germ 
cells is heterozygous. Each child of the first carrier 
has a chance of 1/2 to carry this mutation. If this car- 
rier has two children, there is a risk of (1/2)^ = 1/4 for 
the mutation to be lost by chance after one genera- 
tion. On the other hand, the chance that the number 
of new alleles will be two in the next generation is 
also 1/4. Fisher (1930) [25] calculated the risk of ex- 
tinction of such a new allele assuming the number 
of children in sibships to follow a Poisson distribu- 
tion with mean of 2 (Fig. 13.13). If the mutation is neu- 
tral, i.e., if it has neither a selective advantage nor 
disadvantage, the risk of its disappearing from a po- 
pulation sooner or later is overwhelmingly high. 
This remains true even if the mutation has a small se- 
lective advantage. Such a risk holds, however, only 
for an infinitely large population; chance fluctuations 
in a small population may still lead to fixation of this 
mutation. 

Selection. Co-operation between genetic drift and se- 
lection may be more complicated, as there are many 
different modes of selection (Sect. 12.2.1). In 
Fig. 13.14, the homozygotes AA are assumed to have 
fitness 1, the heterozygotes Aa, 1 - s, the homozygotes 
aa, 1 - 2s. In an infinitely large population and in the 
absence of mutations, the gene frequency q approa- 
ches 0. For a great number of small subpopulations 
q becomes o. In some cases, however, it takes on a 
higher value, and in a few cases fixations occurs at 
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Fig. 13.13. Increase in the probability that a new mutation will neither a selective advantage nor disadvantage. Sibship size 

disappear from the population. With 1 % selective advantage, is assumed to follow a Poisson distribution with a mean of 

this probability is almost identical to that in the presence of 2. (From Fisher 1930 [25]) 




Fig. 13.14. Distribution of gene frequency q for gene a in 
small populations with qiS/s = 5 (5, selective disadvantage of 
heterozygotes Aa; 2s, selective disadvantage of homozygotes 
aa). In most populations the gene a is not present at all, in a 
few it attains a moderate or high gene frequency, and in 
some it even replaces the other allele. See text for other de- 
tails. (From Li 1955 [46]) 




Fig. 13.15. Distribution of gene frequency q for gene a in 
small populations with 4NS = 10 and selective disadvantage s 
of both homozygotes compared with the heterozygotes. The 
distribution shows three maxima: in many populations gene 
frequencies cluster around 0.5; however, there are other po- 
pulations in which either the allele a or the allele A are com- 
pletely lacking. (From Li 1955 [46]) 



^ = 1 - in an opposite direction to the selection pres- 
sure. 

Quite a different distribution of q among subpopula- 
tions is found if heterozygotes have a selective advan- 
tage (Fig. 13.15). If the disadvantage of the two homo- 



zygotes is identical, the values of q cluster around 
q = oSy but fixation or extinction still has a small 
probability of occurring, again, depending on the 
breeding population size, N. Table 13.9 contrasts the 
patterns of spread of new genes by drift and selection. 



Table 13.9. Patterns of spread of new genes by drift and selec- 
tion (from Luzzatto 1979 [50]) 
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Drift Selection 



Spread depends on mi- 
gration of people more 
than on environment. 

Increase in gene frequen- 
cy can be very fast if po- 
pulation is small 

Gene spreading may be 
advantageous or neutral 

Mutant gene is “identical 
by descent” wherever it 
has spread. 



Spread depends on environ- 
ment more than on migra- 
tion of people. 

Increase in gene frequency is 
essentially independent of 
population size. 

Gene spreads only if advan- 
tageous in a particular en- 
vironment. 

Different mutant genes at the 
same locus or at different 
loci that give similar pheno- 
types may be selected for 
(evolutionary convergence). 




Fig. 13.16. Distributions of gene frequencies q for gene a in 
relation on the size N of the breeding population with selec- 
tion 5 = 1 against the homozygotes and a mutation rate 
fi = io“ 5 . The distribution of gene frequencies q depends cri- 
tically on the size of the breeding population N. (From Li 
1955 [46]) 



Mutation and Selection Together. Let us now turn to 
the distribution in subpopulations of gene frequen- 
cies of a completely recessive gene with a mutation 
rate fi, a selective disadvantage s of homozygotes aa, 
and, again, a breeding population of size N. Let us 
also assume that q is small so that back mutations 
a ^ A can be neglected. The distribution of q for 
the extreme case s = 1 (complete selection against 
the homozygotes aa) and for different values of N is 
given in Fig. 13.16. The mutation rate is taken as 
// = io" 5 , in accordance with the order of magnitude 
of the human mutation rates for some visible inher- 
ited anomalies (Sect. 9.3). It turns out that, even with 
a moderate population size oi N - lo^, the majority 
of subpopulations do not harbor the recessive gene 
at all. In a few populations, however, the gene is 
much more frequent than in the general population. 
The affected homozygotes still shows much greater 
frequency differences since their number corre- 
sponds to the square of the gene frequency. 

In principle, the same applies for dominant muta- 
tions, i. e., if the heterozygote Aa has a selective dis- 
advantage. However, because of this selection against 
heterozygotes an increase in gene frequency by 
chance in spite of negative selection pressure be- 
comes less likely. Dominant disorders therefore be- 
come frequent in this way only if they cause very lit- 
tle selective disadvantage. With this mode of inheri- 
tance the increase in individuals with aberrant phe- 
notypes corresponds only to the gene frequency, not 
to the frequency of homozygotes. 

Rare Inherited Diseases in Human Isolates. These 
considerations explain why hereditary diseases - 
especially recessives - occasionally become frequent 



in small populations that have been living in relative 
isolation for a long time. Either the allele was intro- 
duced by a founder (founder effect) or it happened 
to be produced by a new mutation. Determining 
which is the case is generally impossible in concrete 
instances. In any case, such a gene had a chance to 
become frequent even in spite of selection against 
it. 

This is one reason why isolates provide much infor- 
mation on rare recessive diseases. Furthermore, con- 
sanguineous matings have become less frequent in 
most modern nonisolate populations. The incidence 
of homozygotes for rare recessive diseases is there- 
fore reduced below the equilibrium value 
(Sect. 12.3.1). In relatively isolated - and in many 
cases rural - populations the traditional ways of 
choosing a husband or wife, and the old level of in- 
breeding, tend to be maintained. Consequently there 
is no overall decline in homozygote frequencies, and 
the average frequency of recessive homozygotes 
tends to be higher in isolates than in the general po- 
pulation. This fact, together with the unequal distri- 
bution of gene frequencies, makes isolates well suited 
for the discovery of hitherto unknown recessive con- 
ditions. Another possible factor may be selective mi- 
gration. For a relatively long time the generally fitter 
and more active individuals have migrated from the 
isolates into cities and industrial centers. It has 
been suggested, on the other hand, that heterozy- 
gotes for some severe recessive abnormalities might 
in some cases suffer from minor symptoms 
(Sect.7.2.2.8) and may be underrepresented in this 
migration group. 

Investigation of isolates has brought a certain one- 
sidedness into our knowledge of inherited diseases. 



5/6 Population Genetics: Consanguinity, Genetic Drift 




Fig. 13.17. Pedigree from the island 
Mljet with consanguineous mat- 
ings and cases with Mai de Mele- 
da. This recessive disease attained 
a high incidence in the population 
of this island but is almost entirely 
unknown elsewhere. (Courtesy of 
Dr. U. W. Schnyder) 



The method can be compared with the microscope: it 
enables us to examine special parts of a structure 
very exactly, whereas other parts escape observation 
completely. There is only one difference: we can di- 
rect the microscope to the areas in which we are in- 
terested, but in isolate studies chance directs the mi- 
croscope. 

Example: Mai de Meleda. Mai de Meleda is an autosomal-re- 
cessive condition categorized in the group of palmoplantar 
hyperkeratoses; however, unlike the most common dominant 
type (Unna-Thost), the keratotic changes are not confined to 
the palms and soles but may also affect other parts of hands 
and feet. The anomaly was discovered about 150 years ago 
on the small island of Mljet (Meleda) off the Croatian coast. 
The population numbers only a few thousand individuals; in 
1930 no fewer than 14 of 93 marriages were between first 
cousins [9]. In the 1960s many persons carrying the anom- 
aly were still alive. Figure 13.17 presents a typical pedigree. 
Due to the high frequency of heterozygotes and the great 
number of consanguineous matings, marriages between af- 
fected homozygotes and heterozygotes are not rare, and the 
phenomenon of “pseudodominance” (Sect. 4.1.3) can be ob- 
served. 

Other Examples. There are many other examples of 
recessive diseases that have been discovered or de- 
scribed in detail in isolates [24]. 

One of the first was classical myoclonus epilepsy described 
by Lundborg [49] (254800) as early as 1913 in the Swedish 
province of Blekinge. Other examples include the juvenile 
type of amaurotic idiocy (204200), which was described by 
Sjogren [72] in a Swedish isolate, Friedreich’s ataxia 
(229300) and a special type of dwarfism investigated by 
Hanhart in isolated valleys of the Swiss Alps [35]; Werner 
syndrome (277700; Sect. 10.4.5) in Sardinia [13]; Ellis-van 
Crefeld syndrome (chondroectodermal dysplasia; 225500) 
in the Amish, a religious sect living in Pennsylvania [53 a]; 
and tyrosinemia (276700) among French Canadians [5]; 
sensorimotor polyneuropathy (218000) [21], Tay-Sachs dis- 
ease [20], and a form of vitamin D dependent rickets 
(264700) [19]. Structural chromosome variants may become 



common in the same way, as shown, for example, by the 
high incidence of as inverted Y chromosome polymorphism 
among Indian Muslims from Gujarat in South Africa [6]. 
This is important for understanding chromosome evolution 
(Sect. 14.2.1). Diseases that are fairly common might show 
additional clustering due to genetic drift and founder effects 
in isolated population groups. Examples include the high 
frequency of cystic fibrosis in a small area of Brittany in 
France (1:377 births; about six to eight times as common 
than in other northwestern European populations) [8] and 
the same disease (incidence 1:569) in the Ohio Amish 

[42] . 

When haplotype and molecular analysis are possible, mu- 
tants going back to one mutational event can be identified. 
In isolates the predominance of one specific mutant and one 
haplotype is likely. Examples include the phenylalanine hy- 
droxylase mutants in Yemenite Jews and in French Canadians 

[43] , and a Tay-Sachs (272800) mutation in French Cana- 
dians that was identified as a deletion not observed in the 
Ashkenazi Jewish population, among whom Tay-Sachs dis- 
ease is common [20]. 

A special problem is posed by the high incidence of three li- 
pid storage diseases due to defects of different lysosomal hy- 
drolases (catabolic enzymes) among the Ashkenazi Jews of 
eastern Europe [30, 57]. The conditions are: the infantile 
form of Tay-Sachs disease (gangliosidosis 0^2; 272800), Nie- 
mann-Pick disease (sphingomyelin lipidosis; 257200), and 
the adult form (type I) of Gaucher disease (glucosylceramide 
disease; 230 800). A study of different mutations of the Gau- 
cher gene in Israel revealed a quite different distribution in 
Jewish and non-Jewish patients, and a prevalence of the 
N370S mutant (an A G transition) in 70 % in the Jewish 
compared with 23% in the non-Jewish subsample [37]. Some 
conditions in the history of this population seem to favor 
the hypothesis of genetic drift. During long periods of its his- 
tory, this population lived as a religious minority in relative 
isolation, and some claim that the ancestral population of 
current Ashkenazi Jews was very small, comprising no more 
than a few thousand individuals (See Motulsky [55 a]). How- 
ever, this evidence is not entirely certain (Neel, in [30]). The 
population was subdivided into many, sometimes widely 
scattered, isolates; the population size was very large for drift 
to be effective, at least in certain periods, and there was some 
dilution of the gene pool by admixture. Even if all these argu- 
ments could be explained away, the fact would remain that no 



Disease (Me Kusick) Biochemical defect Gene structure Mode of Chromosomal Overall heterozy- Frequency of most Biological fitness of 

number known inheritance locus gote frequency in common mutation in most common homo- 

Ashkenazim Ashkenazim zygotes 
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less than three pathogenetically and biochemically similar 
genes have spread in the same population. In our opinion, 
this is likely to be explained by some probably very specific 
selective advantage of heterozygotes under the special living 
conditions of this population in the past. Tuberculosis has 
been suggested as a selective agent, but the proportion of 
the Ashkenazi Jewish population that appears to be resistant 
to tuberculosis is much larger than the 4% who are carriers 
for Tay-Sachs disease. Neel further objects that other urban 
populations were also infected with tuberculosis, and that 
these genes have nonetheless not become common. The pro- 
blem of cooperation between selection and drift is taken up 
again in Sect. 14.2.3. A number of other diseases have also 
become common among Ashkenazi jews, reflecting the 
unique history and demography of this population [55 a] 
(Table 13.10). 

''Rare Flora in Rare Soil”: Hereditary Diseases in Fin- 
land [60]. With the growth of the world population 
during recent centuries, some populations that began 
as relatively small and marginal isolates have devel- 
oped into nations comprising several millions of per- 
sons. When, due to favorable geographic and politi- 
cal conditions, this population growth occurred with 
little disturbance due to migration and admixture 
by other populations, the random sample of recessive 
genes present by chance in the founders is represent- 
ed in the current population. Such a nation displays 
a unique collection of recessive diseases. Genes that 
are relatively common elsewhere are lacking, and 
other genes are found that are unknown in other 
areas. Since population migration and gene flow in 
historical times have been intensive, especially in po- 
pulations of European origin for which most infor- 
mation is available, examples of undisturbed growth 
of a relatively isolated population are rare. The best 
is the Finnish-speaking population of Finland (Fin- 
land also has a Swedish- speaking minority.). Several 
favorable features are: an undisturbed, “traditional” 
population structure, an advanced level of medicine 
permitting reliable diagnosis of rare diseases, and 
excellent church records which serve as a reliable po- 
pulation register for roughly the past ten genera- 
tions. 

Population History of Finland. Most ancestors of the current 
Finnish population immigrated over many centuries during 
the first millennium from the Baltic region. They were, as 
the Estonians, descendants of a common basic population, 
the Baltic Finns, who are also members of a special language 
group. It is possible that their immigration came to an end 
long before historical times, i.e., 1000 AD. They settled in 
the southwest of the country; the scarcity of burial grounds 
and other remnants indicates that the number of early set- 
tlers was probably very limited. In the following centuries 
settlement spread slowly to the north and east. The total po- 
pulation is estimated to have been 400 000 during the seven- 
teenth century; it reached 1.6 million in 1850, and 4.6 million 
in 1970. Until recent times the population was largely rural; 



this has changed now, as with industrialization many families 
have been moving into the big cities. However, there still is 
little migration among rural areas. 

The slow immigration of a limited number of settlers and the 
relatively independent growth of subpopulations with little 
gene flow between them afford the best conditions for study- 
ing founder effects and subsequent shifts in gene frequencies 
within these subpopulations by genetic drift. 

First-cousin marriages were prohibited by law prior to 1872, 
but more remote, multiple consanguinity between spouses 
has been, and is still, very common. We might expect to 
find the following: 

a) A relatively high incidence in certain subpopulations of 
recessive disorders that are otherwise rare or unknown, 
along with lower frequencies due to relatively recent mi- 
grations in adjacent Finnish subpopulations. 

b) Very low frequencies of these disorders in the big cities, 
which are melting pots for the overall Finnish gene pool. 

c) Very low incidence or absence of some recessive diseases 
known in other, non-Finnish populations. 

This is exactly what has been found. 

Recessive Disorders in Finland. Table 13.11 shows a 
number of recessive diseases that are found fairly 
frequently in Finland but only rarely or not at all 
outside this country. Other disorders listed in Ta- 
ble 13.11 have been observed both in Finland and in 
other countries. Table 13.11 also shows disorders that 
occur more commonly in other populations but are 
rare or nonexistent in Finland. There can be no 
doubt that Finland presents a number of otherwise 
very rare or even unknown disorders, whereas some 
diseases prevalent elsewhere are missing. Most con- 
spicuous among the latter is phenylketonuria, which 
in a comprehensive newborn-screening program, 
has been searched for very carefully (Sect. 12.1.3, Ta- 
ble 12.4). 

Attempts to locate the origin of specifically “Finnish” 
disorders led to interesting results. They turned out 
to have their centers in limited geographic areas, 
with some scattering outside these areas, and to be 
virtually absent in the native population of the big ci- 
ties. Figure 13.18 shows the birthplaces of ancestors 
(grandparents or great-grandparents) of patients 
with three of the recessive diseases listed in Ta- 
ble 13.10. As noted, dominant anomalies may also 
show founder and drift effects, provided there is no 
strong selection against these genes. A Finnish exam- 
ple is amyloidosis with corneal lattice-like dystrophy 
and cranial neuropathy (see also Sect. 7.6). The cor- 
neal lattice-like dystrophy manifests itself at the age 
of 20-35 years but affects visual acuity only slowly 
and to a moderate degree. Symptoms of amyloidosis 
become visible only later in life. Therefore the disease 
does not impair reproduction very much. Figure 13.19 
indicates the birthplace of the affected parents of 
207 patients with this condition. 
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Table 13.11. Recessive diseases in Finland (from Norio et al. 1973 [60]; for an updated list with some additional diseases, see De 
la Chapelle 1993 [22]) 



Rare recessive diseases that are 
relatively common in Finland 

Congenital nephrotic syndrome 
(Finnish type) 

Aspartyl glycosaminuria (AGU; 208 400) 
Early infantile ceroid lipofuscinosis 
Progressive dementia with hpomem- 
branous polycystic osteodysplasia 
Dystrophia retinae pigmentosa" 
dysacusis syndrome 
Cornea plana congenita 
Aland eye disease (X-linked) 

Lysinuric protein intolerance 
Mulbrey dwarfism 
Car til age -hair hypoplasia 
Diastrophic dwarfism 
Congenital chloride diarrhea 
Selective malabsorption of vitamin 



Recessive diseases that are about as 
common In Finland as elsewhere 

Fructose intolerance, 

Tyrosine mia 

Mucopolysaccharidosis I (Hurler) 
Mucolipidosis II (I cell disease) 
Adrenogenital syndromes (for ex- 
ample, 21 -hydroxylase deficiency) 
Polycystic disease of kidney 
(perinatal form) 

Profound childhood deafness 
Xeroderma pigmentosum 



Recessive diseases otherwise relative- 
ly common that are rare in Finland 

Galactosemia 
Hepatic glycogenoses 
Cystinosis 

Maple syrup urine disease 

Phenylketonuria 

Homocystinuria 

Cystic fibrosis of the pancreas 

Tay-Sachs disease 

Gaucher disease 




Fig. 13.18. Origin of patients with three recessive diseases in 
Finland. Left, Congenital chloride diarrhea; greatgrandpar- 
ents of 11 evident and 3 probable sibships. Middle, congenital 
nephrotic syndrome of Finnish type; 60 grandparents of 57 



Conclusions from the Experience in Finland for Re- 
search in Population Genetics of Rare Disorders. A po- 
pulation history and breeding structure such as that 
found in Finland still exists in many populations of 
the Old World. However, most of them lack the other 
conditions that are so convenient in Finland: the exact 
reports on family histories, the excellent medical facil- 
ities, and, last but not least, research workers dedicated 
to exploiting these possibilities. Most other popula- 
tions lacking extensive medical facilities and research 



sibships. Right, cornea plana congenita recessiva; grandpar- 
ents of 32 sibships. Stippled areas, to pre-World War II bor- 
ders. (From Norio et al. 1973 [60]) 



personnel have been subject to large-scale outbreeding 
by population mixing. Therefore the opportunities for 
discovering new recessive conditions are unfavorable. 
In Chap. 7 it was observed that not all of the defects 
leading to hereditary disease in humans are as yet 
known and that many more could be discovered in 
countries that still have a traditional population struc- 
ture. The considerations of this section have shown 
why this is the case, and the example of Finland demon- 
strates that this is not merely a theoretical speculation. 
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Fig. 13.19. A dominant gene in Finland: familial amyloidosis 
with corneal lattice dystrophy and cranial neuropathy, 207 
patients are indicated by the birth place of the affected par- 
ents. Big dot, ten parents; small dot, one parent. (Norio et al. 
1973 [60]) 



Conclusions 

Genotype frequencies in many human populations 
are the result of random mating. The numbers found 
are those expected from the Hardy- Weinberg Law. 
Important deviations from random matings are mar- 
riages between close relatives (consanguinity). While 
the consanguinity rate has decreased in many Euro- 
pean and North American populations, it remains 
quite high in certain other population groups. For 
the offspring of such matings there is an increased 
probability of homozygosity, which may lead to a 
higher incidence of autosomal-recessive diseases. 
The concept of “genetic load” attempts to quantify 
these effects and to use them for estimating the num- 
ber of deleterious mutants in human populations. In 
addition to changes of gene frequencies due to muta- 
tion and selection, random fluctuations are observed 
especially in small and isolated population groups. 
“Founder effects” in such groups have led, for exam- 
ple, to unusually high frequencies of otherwise very 
rare genetic diseases. Traits found among the 
French-Canadian, the Ashkenazi Jewish, and the Fin- 
nish populations provide examples. 
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Human Evolution 

Time present and time past 
Are both perhaps present in time futurey 
And time future contained in time past. 

T S.Elioty Four QuartetSy ''Burnt Nortony'' I 



14.1 Paleoanthropological Evidence 

Population Genetics Helps To Understand Evolution. 
The concepts developed in population genetics and 
the examples from human genetics help in under- 
standing human evolution and the resulting genetic 
differences between humans and other mammals, 
especially our closest relatives, the great apes. These 
concepts also improve our understanding of genetic 
variability within and between present-day human 
populations. We discuss the evidence in three parts: 
In the very short introductory section we sketch the 
evidence on human evolution from paleoanthropolo- 
gy. This survey leads to a more elaborate discussion 
of the genetic mechanisms of human evolution. Fi- 
nally, we discuss the genetic variability among var- 
ious present human population groups in the light of 
the genetic evidence. 

Evidence from Paleoanthropology [52, 64]. Evolution of the 
higher primates including Homo is now fairly well known in 
outline. We know the most important anatomic features of 
the main ancestral forms and to some extent their geographic 
distribution, and we can reconstruct their way of living. 
There are many differences in opinion among paleoanthro- 
pologists about details of human evolution and the position 
of individual specimens and populations within this context, 
but most specialists agreed until recently on the following 
conclusions: Homo, as well as the great apes, are descended 
from a common ancestral population, that of the Dryopithe- 
cinae that lived in Africa about 15-20 million years ago. For 
a long period thereafter, however, little precise information 
is available; in any case, the branch from which both the great 
apes and Homo were to develop separated from the ancestral 
population of Old World monkeys. Between 3 and 10 million 
years ago the branches of the great apes - orangutan, gorilla, 
and two chimpanzee species - separated from that which de- 
veloped into humans. Somewhat more than 2 million years 
ago this branch produced a variety of more or less similar 
forms, whose characteristics place them between apes and 
modern humans; with the exception of our own species. 
Homo sapiens, all of these later became extinct. The rich de- 
velopment of our species appears to have been promoted by 
certain geographic, climatic, and ecological conditions in 
eastern and southern Africa. The Great Rift Valley began to 
open 20 million years ago, creating a great variety of land- 
scapes and climatic regions in which many different species 



could develop, a process thought to have been facilitated by 
climatic change - a decrease in the average general tempera- 
tures. In this area there developed a number of hominoid 
species (Fig. 14.1), the exact relationships among which is still 
a matter of controversy among anthropologists. Well-known 
varieties include the australopithecines: Australopithecus 
afarensis, A.africanus, A.robustus). In addition, one variety 
with larger brains has been found, which used some primi- 
tive stone tools: Homo habilis. Figure 14.1 shows the time 
scale of these developments. The oldest Homo habilis remains 
are thought to be 2-2.5 million years old. Bipedalism, i.e., 
walking on two legs, appears to have been the first evolution- 
ary step toward humanity; much later this was followed by an 
increase of brain volume and by some other changes. The se- 
lecting forces behind the development of increased brain size 
and intelligence were complex; earlier anthropologists stres- 
sed tool making but more recently, emphasis is placed more 
on evolving social skills within groups [36-38]. About 1.5- 
2 million years ago the first representatives of Homo erectus 
appeared - a species which about 1 million years ago expan- 
ded beyond the limits of Africa; specimens from this time 
have been found both in Asian countries such as Indonesia 
and China and in Europe. Their superior intelligence allowed 
them to live in the colder climate of the north; here they may 
also have escaped the constant challenge of tropical parasites 
[25]. A later species, found principally in Europe during the 
Ice Ages, are known as Neandertals. These disappeared 
around 40 000 years ago and were replaced by our own 
species. Homo sapiens. Most experts agree that Homo sapiens 
had only one origin, and that this was in Africa [1984, 2973]. 
Figure 14.2 compares the brain size of humans to those of 
other mammals, and Fig. 14.3 compares the size of man’s 
brain to that of his evolutionary relatives. 

Biological evolution has been supplemented more and more 
by cultural evolution until cultural conditions have today be- 
come the major driving force for the biological changes in 
our species that can expect in future. Table 14.1 contrasts bio- 
logical and cultural evolution in humans. Table 14.2 provides 
an overview of human evolution. 



14.2 Genetic Mechanisms of Evolution 
of the Human Species 

Genetic mechanisms involved in the development of 
the human species can be analyzed mainly by com- 
paring present-day humans with their closest phylo- 
genetic relatives, the great apes. Our goal is twofold: 
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Fig. 14.1. The earliest hominid discoveries in Africa (South black to white indicates development from ape-like forms to 

Africa, Tanzania, Ethiopia). The sequence of shadings from early humans. (From Leakey and Lewin 1992 [64]) 




Fig. 14.2. The brain in various species of mammals. Note the developmental differences in size and structure of the cerebral 
cortex 



1. Establishing the degree of relationship among spe- 
cies and constructing a phylogenetic tree that 
shows the order in which these species have devel- 
oped from common ancestral populations. 

2. Analyzing the genetic mechanisms of evolution 
and speciation. 

The construction of phylogenetic trees requires 
evidence from skeletal fragments of presumed an- 



cestors as well as evidence from comparative ana- 
tomy and comparative genetics. For analyses of 
the mechanisms of evolution these skeletal remains 
are of no value, and we must rely principally on 
comparing genetic differences among present 
species. (For examination of ancient DNA see Sect. 
14.2.4). Here, intraspecies variability may help to 
improve our understanding of interspecies differen- 
ces. 
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vidual variability of skull ca- 
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ferent stages of human phylo- 
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Table 14.1. Comparison of biological and cultural evolution (from Omenn and Motulsky 1972 [86]) 
Biological evolution Cultural evolution 



Mediated by 
Rate of change 
Agents of change 

Nature of new variant 
Transmission 
Nature of transmission 
Distribution in nature 
Interaction 

Complexity achieved by 



Genes 

Slow 

Random variation (mutations) and 
selection 

Rarely beneficial 
Parents to offspring 
Relatively simple 
All forms of life 

Human biology interacts with human 
culture 

Rare formation of new genes by chromoso- 
mal duplication 



Ideas 

Rapid and e?(ponential 

Usually purposeful; directional variation and 
selection 

Often beneficial 

Wide dissemination by many means 
May be highly complex 
Most important in humans 

Human culture required biological evolution to 
achieve the human brain 

Frequent formation and cumulative growth of 
new ideas and technologies 



Note that the evolutionary destiny of all species was dependent upon interaction of genetic constitution and environment be- 
yond its control. Only humans have the means to control both their environment and, to some extent, their genetic constitu- 
tion. 



The available evidence is discussed below at four 
levels: 

1. Chromosomes 

2. DNA 

3. Amino acid sequences of specific proteins 

4. Behavior. 



14.2.1 Chromosome Evolution and Speciation 

Chromosome Number of Humans and Closely Related 
Nonhuman Primates [26]. The following species are 
specifically described: chimpanzee (Pan troglodytes)^ 
pygmy chimpanzee (Pan paniscus)^ gorilla (Gorilla 
gorilla), and orangutan (Pongo pygmaeus); their 
chromosomes are then compared to those of the gib- 
bon (Hylobates). The chromosome number in all 
four species was soon established as 48; the main dif- 



ference between Homo and both chimpanzee species 
is a fourth pair of acrocentric chromosomes of the D 
group (Fig. 14.4). In the other two species, gorilla 
and orangutan, more acrocentric chromosomes are 
found. There is a strong overall similarity between 
the chromosomes of Homo and Pan that confirm the 
evidence from morphological and biochemical re- 
search (Sect. 14.2.3) that Pan is our closest living rela- 
tive. 

Comparison of Chromosome Structure with Banding 
Methods. Comparison of karyotypes between two 
species should help in reconstructing the number 
and kind of chromosome rearrangements that have 
occurred since these species separated in evolution. 
This reconstruction became possible when banding 
methods were introduced in 1970 (Chap. 2). Pericen- 
tric inversions were soon established as the mecha- 
nisms responsible for most of the species differences 
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Table 14.2. Evolution of humans (Modified from Omenn and Motulsky 1972 [86]) 
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between humans and apes. The difference in chro- 
mosome number could be explained by joining of 
two different acrocentric chromosomes about the 
length of D chromosomes to form one large subme- 
tacentric chromosome - the human no. 2. Such join- 
ing of different chromosomes is well known from 
the present human population: the prevalent mech- 
anism is centric fusion, which implies loss of the 
short arms of a chromosome. It is therefore not sur- 
prising that centric fusion was thought to be the 
mechanism for these species differences as well. 
However, a more detailed analysis of banding pat- 
terns has shown that short- arm material is indeed 
present. The human no. 2 was produced by a telo- 
meric fusion [26]. 

Such a fusion chromosome has two centromeres; this 
should lead to mitotic complications known from di- 
centric chromosomes produced by interchanges, 
such as after radiation-induced chromosome break- 
age (Chap. 11). Such problems are avoided by only 
one of the centromeres carrying on its normal mitot- 
ic function. This suppression of one centromere has 



300 years 

50000 years 



occasionally been observed in present-day chromo- 
some aberrations as well. 

The goal of a detailed analysis of all discernible rear- 
rangements by which the species differ from each 
other and from humans using all available banding 
techniques was largely achieved by Dutrillaux in 

1975 [26]. 

Example. The homologues of the human no. 2 are seen in 
Fig. 14.5. Pongo and Gorilla differ by an inversion in 2 q, Go- 
rilla and Pan by another inversion in 2 p. A telomeric fusion 
must have occurred between Pan and Homo. In some pre- 
parations the human no. 2 shows a secondary constriction at 
the fusion point (2 qh). Very rarely an endoreduplication of 
the segments corresponding to the former 2 q chromosome 
is observed and indicates some independence between the fu- 
sion partners. On the basis of these results the evolution of 
no. 2 can be reconstructed. 

Comparison of Overall Karyotypes of the Five Species. 
Species differences can be used to reconstruct the 
evolution of all single chromosomes in the same way 
as shown above for no. 2. Apart from the one telomer- 
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Fig. 14.4. Karyotype of a chimpanzee (Pan troglodytes), Q 
banding. A counterpart of the human chromosome 2 is ob- 
viously lacking. Instead, two additional pairs of acrocentric 
chromosomes are present. Arrows, terminal Q bands not pre- 



sent in humans (or orangutans). Numbers correspond to hu- 
man chromosome numbers. (Courtesy of Dr. B. Dutrillaux, 
Paris). 
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Fig. 14.5. Phylogenetic development of human chromosome 2 
through some inversions and one telomeric fusion. G band- 
ing. Pongo and Gorilla differ by an inversion (inv) in 2 q; Go- 
rilla and Pan differ by an inversion in 2 p. Homo differs from 
all the three other species by a telomeric fusion of two chro- 
mosomes. (Courtesy of Dr. B. Dutrillaux, Paris) 

ic fusion and the pericentric inversions, a number of 
paracentric inversions have been observed. As ex- 
pected, the two species of chimpanzees show the 
highest degree of similarity; they are separated by 
only one, doubtful, paracentric inversion. Homo is 
most closely related to chimpanzees; there are six 
pericentric inversions between these species. On the 
other hand, chimpanzees and gorillas are separated 
by six pericentric and two paracentric inversions. 
The most remote relative of Homo is Pongo; this 
could be expected from morphological evidence. 
There have been some inconsistencies regarding 
chromosome inversions. Pan troglodytes and Gorilla 
have three inversions in common (5, 12, 17), suggest- 
ing a common ancestor not shared by Homo, whereas 
Pan and Homo have two inversions in common that 
are not found in Gorilla. This shows that phylogenet- 
ic relationships may not be as simple as suggested by 
our phylogenetic tree models [26]. 

Presence and Absence of Certain Segments. In addi- 
tion to the rearrangements described above, some of 
these primate species regularly show certain chromo- 
some segments that are lacking in others: 

a) Terminal Q bands: After quinacrine staining 
small Q bands are observed at the ends of many 
chromosomes in Pan and Gorilla; in most cases 
these are located in the same chromosome arms 
in both species. They are lacking in both Pongo 



and in Homo. There are two possibilities: either 
they appeared as a fresh mutation in a common 
ancestor of Pan and Gorilla, or they existed in a 
primitive ancestor and disappeared during the 
evolution of Pongo and Homo. Both events are 
difficult to understand on the basis of classic 
concepts: duplication and deletion of single chro- 
mosome segments are isolated and random 
events. 

b) Heterochromatic regions are seen at the short arm 
of some acrocentric chromosomes. Their number 
diminishes in the following order Pongo^Goril- 
la-^Homo^Pan. Such heterochromatic material 
is presumably formed from time to time as a new 
mutation in immediate proximity to the centro- 
meres of acrocentric chromosomes and is then 
distributed by random chromosome rearrange- 
ment to other chromosome parts. The secondary 
constriction of the chromosome 9 of Homo 
(Sect. 2.1.2) might be such material. The no. 9 of 
humans and of Pan also comprises a heterochro- 
matic block close to the centromere. 

c) Variations also exist in the occurrence of T bands. 
Repeated de novo synthesis of some T band mate- 
rial at the ends of the chromosome and, in some 
cases, secondary distribution to other chromo- 
some parts by rearrangements is one possible ex- 
planation. 

d) Gorilla and Homo show additional Q bands close 
to the centromeres of chromosomes 3 and 4; only 
Gorilla shows a similar band at no. 9, Homo on 
no. 13, and Pan only on no. 3. They are lacking 
completely in Pongo - and in the gibbon. 

All three observations - terminal Q and T bands, het- 
erochromatic regions, and juxtacentromeric Q bands 
- show that the karyotype differences between the 
five closely related species do not consist only in rear- 
rangements of genetic material that can be explained 
using classical principles. An additional mechanism 
seems to be de novo synthesis as well as loss of chro- 
mosome material. Studies at the DNA level have 
helped to understand the nature of such newly syn- 
thesized material somewhat better. 

Methods of nonradioactive in situ hybridization 
(Sect.3.1.3.3) are now being used to study chromo- 
some evolution in greater detail and to solve pro- 
blems that could not be dealt with by classical cyto- 
genetic techniques. For example, the composition of 
gibbon (Hylobates) chromosomes and their relation- 
ship to those of the great apes and humans seemed 
to pose insuperable technical problems, but these 
have now been solved by CISS hybridization [51, 
107] (Figs. 14.6, 14-Z)- In the gibbon karyotype the 22 
human chromosomes appear subdivided into 
51 blocks, which have been combined anew to form 
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the 21 autosomes of three gibbon species (which 
have identical karyotypes except for one chromo- 
some). For example, parts of the human chromo- 
some 1 can be found in gibbon 5 q, 7 q, 9 p, and 19. 
X and Y chromosome, however, are identical in hu- 
mans, the great ape species, and the gibbons 
(Figs. 14.6, 14.7)* 

Another old world monkey, on the other hand, Maca- 
ca fuscatUy has been shown by the same method to 
have a much more similar chromosome set to Homo 
than gibbon although the ancestors of Macaca and 
Homo probably separated much earlier [107]. This 
may be due to the fact that macaques - as with other, 
similar species such as baboons - live in large, terres- 
trial groups whereas gibbons are monogamous, and 
the pairs form separate units. The latter way of life 
may have favored matings between close relatives, 
and fixation of structural aberrations in populations 
(Fig. 14.8). 

A tentative phylogenetic tree of the primates from the pro- 
simians to man has been established by study of the karyo- 
types of more than 60 species of primates using almost all 
available banding techniques [27]. The entire euchromatic 
material, i.e., the nonvariable R and Q bands (Sect. 2.1. 2.1) 
appears to be identical in all species of monkeys, apes, and 
in humans. Quantitative and qualitative variations all involve 
heterochromatin. The types of chromosome rearrangements 
reconstructed from species differences in chromosome struc- 
ture vary from one subgroup to the next; for instance, Ro- 
bertsonian translocations (centric fusions) prevail among 
the Lemuridae; chromosome fissions are frequent among 
the Cercopithecinae but are not found elsewhere; and peri- 
centric inversions are common in the evolution of Homo sa- 
piens including Pongidae. 

Chromosome Rearrangements in Evolution and in the 
Current Population. There is one major difference be- 
tween breakage points and chromosome rearrange- 
ments in evolution and in the current population. 
The most frequent chromosome rearrangements cur- 
rently observed are centric fusions, i.e., stable con- 
nection between acrocentric chromosomes with the 
loss of short-arm material (Sect. 2.2.2). Surprisingly, 
not even one of these centric fusions has been fixed 
during evolution of the five species of pongidae, in- 
cluding homo sapiens. A possible explanation is that 
of selective disadvantage due to formation of aneu- 
ploidies, for example, zygotes with trisomy for the 
long arm of 21 q, which would produce Down syn- 
drome (Sect. 2.2.2), or those leading to miscarriage. 
To the best of our knowledge, however, not all centric 
fusions lead to a selective disadvantage. (For a more 
detailed discussion, see Sect. 2.2.2.2.) 

Could the high frequency of centric fusions and the 
resulting zygote loss be a relatively recent genetic 
adaptation to the special conditions of child rearing 
in humans? 



Selective Advantage of High Rate of Spontaneous Miscarriage 
in Humans [50]? About 5%-/% of all recognized conceptions 
in humans are chromosomally abnormal (Sect. 2.2.4); most of 
these are lethal. They lead to miscarriage or - in exceptional 
cases - to delivery of a severely malformed child who would 
have no chance of survival under primitive living conditions. 
In the surviving infants - largely those with X-chromosomal 
aneuploidies - fertility is considerably reduced (Sect.2.2.3.2). 
Loss of additional zygotes before implantation goes unno- 
ticed in most cases. At first glance this considerable loss due 
to chromosomal aberrations seems to indicate considerable 
impairment in the reproductive fitness of our species. Upon 
closer scrutiny, however, the problem takes on quite a differ- 
ent light and has led to the following hypothesis: because hu- 
man offspring require a high amount of parental care for an 
extended time period, there must be an optimum interval be- 
tween live births to maximize the probability that a large pro- 
portion of the offspring survive to reproduction. Any me- 
chanism that reduces the number of live births from the max- 
imal to the optimal and the birth interval from the shortest to 
the best, without placing the mother’s life into jeopardy, may 
have been of a selective advantage. Early miscarriage due to 
chromosomal aberrations may have fitted these requirements 
well under the primitive living conditions of our ancestors 
since mothers were thus exposed to the risks of childbirth 
less frequently. Furthermore, this extended the average 
breast-feeding period per child and may therefore have pro- 
tected infants from the hazards of malnutrition and intestinal 
infections. The overall number of infants and young children 
per mother is clearly reduced by a high frequency of sponta- 
neous abortions. 

The higher incidence of centric fusions may also be caused 
by selection. This mechanism may be related to some func- 
tion of the nucleolar region since the chromosomal areas in- 
volved in centric fusion are concentrated in the nucleolar re- 
gion. This hypothesis would predict that centric fusions are 
rarer in other higher primates than in humans. Because few 
nonhuman primates have been examined so far, no incidence 
data for centric fusions - or for chromosome aberrations in 
general - are available. Trisomies, on the other hand - the 
most potent source of reproductive wastage due to chromo- 
some anomalies - do occur in nonhuman primates, as shown 
by the occurrence of trisomy 21 in chimpanzees [72]. These 
few observations do not permit any conclusions as to inci- 
dence; considering the relatively small number of chimpan- 
zees under surveillance, trisomy 21 may not be much rarer 
in chimpanzees than in humans. Structural rearrangements 
such as inversions that have occurred frequently during pri- 
mate evolution are also common in today’s human popula- 
tion [15]. 

Homologies of Chromosomes and Chromosomal Segments Be- 
tween Humans and Other, More Remotely Related Species. 
Homologies in chromosome structure and the order of genes 
can be found not only among primates - including Homo sa- 
piens - but also among more remotely related species. The 
mouse, the most commonly used mammalian model for 
many genetic problems, has been well studied in this respect, 
and the linkage maps of humans and mice are relatively well 
known. By 1992, 665 homologous gene loci had been as- 
signed to chromosomes in both species; many of these are 
known to be associated with human hereditary diseases. By 
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Fig. 14.6. G-banded chromosomes of Gibbons. There is only 
one difference (^) between Gibbon species. 14.7. a A plasmid 
DNA library from flow-sorted human chromosome 1 was hy- 
bridized to metaphase chromosomes of Hylobatis lar. and de- 
tected by FITC (yellow fluorescence). The colored gibbon 
chromosomes were arranged pairwise below the metaphase 
spread. Chromosome 19 is entirely colored, chromosomes 5, 
9, and 7 only partially. (Courtesy of A. Jauch; see Jauch et al. 
1992 [51]) b Multicolor fluorescence in situ hybridization 
with human chromosome specific DNA libraries to meta- 
phase chromosome of Hylobatis syndactylus. The images 
were produced by a CCD camera and pseudocolored. Redy 
probe sequences derived from human chromosome 5; greeUy 
chromosome 16; violet, chromosome 17; yellow, chromo- 
some 22. Gibbon chromosome 8 reveals signals with probes 
for chromosomes 5, 16, 17, and 22. Gibbon chromosome 6 is 
entirely labeled by human chromosome library 5 and 16. Gib- 
bon chromosome 18 reveals signals with human chromo- 
some 5 library and gibbon chromosomes 13 and 16 are partial- 
ly colored with human chromosome 17 library. In gibbon 
chromosomes 6 and 16 the hybridization patterns of the re- 
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spective libraries show two hybridization sites, suggesting a > 
pericentric inversion. (Courtesy of T.Ried) c The hybridiza- 
tion of an X chromosome specific cosmid clone for a subre- 
gion of the human dystrophin gene, hybridized to chromo- 
somes of a female Gorilla gorilla (red fluorescence). In humans 
the probe maps to Xp2i (arrowhead). The cohybridization 
with AIu-PCR products generate a R banding (green fluores- 
cence). The banding allows the assignment of the probe with 
respect to cytogenetic bands. (From Ried et al. 1993) d FISH 
with DNA library specific for human chromosome 13 to meta- 
phase chromosomes of the cat Felis catus (FCA). Only one col- 
oring signal is detectable and labels the distal region on cat 
chromosome Ai. (Courtesy of J. Wienberg) e Left, FISH with 
human chromosome 17 specific library DNA probe to a partial 
mouse metaphase spread after actinomycin-D/DAPI banding. 
Right, a colored syntenic segment on chromosome 11 at band 
B-E (arrows). (From Scherthan et al. 1994 [93]) f FISH with 
a human telomere specific YAC clone (chromosome 7 q) to 
metaphase chromosomes of Pan troglodytes. The telomeric 
map position is maintained on the homologue chimpanzee 
chromosome (Coursey of T. Cremer and H. Riethman) 
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Fig. 14.7 a-f 
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Fig. 14.8. Possible establishment of a new species by close in- 
breeding. A pericentric inversion is formed in a germ cell of 
one individual, giving rise to one heterozygous carrier in 
the next generation. This carrier may have a number of he- 
terozygous offspring who may mate with each other and pro- 
duce homozygous progeny 



1989 at least 50 conserved blocks with two or more loci were 
known [73, 95]. Location of genes for certain diseases in the 
mouse may offer hints for the localization of homologous hu- 
man genes (see also [20, 83]). Many of the homologies of 
gene clusters are so strong as to suggest that various linkage 
groups have been kept together in different species by natural 
selection. This conclusion implies a functional significance of 
sequence and ordering of the genetic material beyond the le- 
vel of single genes. The X chromosome has been conserved 
almost entirely through mammalian evolution [84]; many 
homologous X-linked loci have been found on the X chromo- 
somes of mouse and man [22, 45]. Ohno [84] proposed that 
this is caused by phenomena such as X inactivation and 
gene dosage compensation. 

The so-called Oxford grid, a graphic representation of the re- 
lationships, permits easy comparison of the two genomes 
(Fig. 14.9) [73]. Homologous segments have also been found 
between humans and other, more distantly related mammals 

[93]. 

How Can a Chromosome Rearrangement Become 
Fixed in a Population? As shown in Sect. 13.2.2, the 
overwhelming majority of all new mutations in a po- 
pulation disappear. Such loss applies not only to se- 
lectively neutral mutations but even to those with a 
small selective advantage. Many chromosome rear- 
rangements, such as pericentric inversions, have a se- 
lective disadvantage due to meiotic difficulties. Ki- 
mura has shown [54] that the rate of fixation of a 
near-neutral mutation depends only on its mutation 



rate. Mutation rates for pericentric inversions are un- 
known. In the absence of this knowledge and that of 
reliable information on the extent of the selective dis- 
advantage - which may vary from one rearrangement 
to the other - no predictions can be made as to prob- 
ability of fixation. 

Nevertheless, we must bear in mind one special fea- 
ture of selection against inversions. Such selection 
works only against heterozygotes. Inversion homozy- 
gotes have normal fertility, regardless of the site of 
the inversion, since pairing of homologous chromo- 
somes at meiosis becomes normal. Do we know a ge- 
netic situation in which the “dangerous” state of het- 
erozygosity is overcome quickly - even within two 
generations? Such a situation may occur when a 
brother and a sister inherit the same rearrangement 
from one parent and produce homozygous offspring 
in a brother-sister mating. Within this homozygous 
group fertility would now again be normal, whereas 
matings within the general population would produce 
only heterozygous offspring with reduced fertility. 
This mechanism would therefore build an effective 
reproductive barrier, providing the best conditions 
for gradual establishment of a new species 
(Fig. 14.8). 

Present-day primates often live in small groups and 
similar conditions may also have obtained for our 
prehuman ancestors, thus facilitating the conditions 
for brother-sister matings or matings between other 
close relatives. If the “incest taboo” that prevents mo- 
ther-son or brother-sister matings was already ob- 
served in these ancestral groups, one or a few more 
generations of heterozygotes may have occurred be- 
fore the two homozygotes that were to form the an- 
cestral couple would be produced. Moreover, homo- 
zygosity of a pericentric inversion has been observed 
in the present human population in a child from a fa- 
ther-daughter mating [6]. Are new primate species 
founded by one couple? More specifically: Do all hu- 
man beings have in common one ancestral couple? 
The myth of Adam and Eve as the ancestral couple 
of mankind thus may even have a scientific basis. 

A comparative study on 1511 species, representing 
225 genera of vertebrates, has shown a strong correla- 
tion between speed of chromosome evolution and 
speciation, both processes being very fast, for exam- 
ple, in primates [11]. The authors suggested that po- 
pulation subdivision into small demes has probably 
been the decisive factor. This conclusion is in full ac- 
cord with the hypothesis discussed above. 

Development of Chromosome Bands [48]. Human 
chromosomes, as those from other mammals, are or- 
ganized into bands (Sect.2.1.2.3). G light bands con- 
tain many “housekeeping” genes and short inter- 
spersed repeats such as Alu sequences, whereas G 
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Fig. 14.9. The “Oxford grid” showing synteny between human 
and mouse chromosomes. Horizontal length of each rectan- 
gle, proportional length of a mouse chromosome; vertical 
length, proportional length of the given human chromosome. 
Triangles and circles refer to chromosomal location of 665 
pairs of homologous loci in mouse and in humans; triangles 
point up or down depending on whether the gene locus is on 



Mouse chromosome 

the long arm or the short arm of the human chromosome; 
circles, arm location is unknown. Large triangles refer to 
10 loci; medium-sized triangles to 5 loci; small triangles, cir- 
cles to one locus. For every human chromosome at least three 
known loci are also syntenic in the mouse. (According to 
Searle et al. 1989 [95]; from McKusick 1995 [73]) 



dark bands have many genes for specialized functions 
in differentiated cells. This pattern has been main- 
tained in evolution for about 100 million years; in ad- 
dition to mammals, it is found, for example, in fish 
and reptiles. This phylogenetic history suggests an 
important function, such as differences in codon use 
and chromatin stability. 

One group of repetitive DNA has been named satel- 
lite DNA; this has been studied extensively from a 
phylogenetic point of view (see below). 

Direct DNA Studies in Human and Animal Fossils. 
DNA “survives” and is maintained in analyzable, al- 
beit sometimes chemically and physically altered 
form in very old remains from extinct animals and 
ancient plants and also from human remains such as 
mummies or even bones. The polymerase chain reac- 
tion (PGR; Sect.3.1.3.5) makes it possible to amplify 
and examine even minute amounts of DNA. It is 



now being applied to human remains in the hope of 
obtaining direct information on the genetic constitu- 
tion of early humans. For example, short segments 
of human mitochondrial DNA have been amplified 
[87-88]. This is opening up a field of direct coopera- 
tion between molecular biologists and paleoanthro- 
pologists [13]. 

14.2.2 Comparison of Satellite DNA 
in Higher Primates 

Human Satellite DNA. The establishment of a peri- 
centric inversion in a population does not necessarily 
require mating between two pericentric inversion 
heterozygotes. A slow increase in the frequency of 
such an inversion in a limited population by chance 
or by drift (Sect. 13.3.2) - even in the face of small se- 
lective disadvantage - would be another possibility. 
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However, such an explanation would meet with more 
difficulties in explaining another, recently discovered 
phenomenon: species differences in satellite DNA. 
Human satellite DNA is described in Sect.3.1.1.1, 
where it is explained that the term satellite refers to 
observations of DNA centrifugation in a cesium 
chloride density gradient, which in addition to the 
main DNA peak show smaller peaks that are charac- 
teristic for each species. Satellite DNA consists of re- 
latively short, highly repetitive DNA sequences; their 
biological function is unknown, but they may influ- 
ence crossing over during meiosis. In humans four 
satellite DNA fractions, SAT I-IV, have been distin- 
guished, isolated, and characterized; these make up 
about 4% of the human DNA, or one- sixth to one- 
fifth of the entire highly repetitive DNA. These four 
satellite fractions were transcribed to yield radioac- 
tive complementary cRNAs, which were hybridized 
in situ to metaphase chromosomes of humans and 
great apes to assess their evolutionary origin. Homo 
turned out to share SAT I, III, and IV, but not II, 
with Pan. All four fractions, however, are shared 
with Gorillay and at least I, II, and III with Pongo 

[44]. 

It now appears “that the fundamental sequences of all 
four satellites were present in the common ancestor 
of the species, . . . but possibly only in one or a few 
copies per chromosome. The subsequent amplifica- 
tion of these sequences may have occurred after spe- 
ciation, and, although the majority of amplification 
occurred at homologous sites in different species, 
sufficient differences exist to provide further evi- 
dence for the independent nature of this amplifica- 
tion event or events” (Fig. 14.10) [44]. Such amplifica- 
tions of short, repetitive DNA sequences have also 
been discovered as causes of a few hereditary dis- 
eases (Sect. 9.4.2). 

Comparison with Chromosome Evolution (Sect. 14.1.2). 
Differences between the karyotypes of Homo and the 
great apes are found in heterochromatin. They par- 
tially involve the centromeric regions. Additional 
telomeric regions show species differences in Q and 
T bands that do not contain any of the satellite frac- 
tions identified so far, but still unidentified satellite 
fractions are likely to exist. As noted above, euchro- 
matic chromosome bands, which are thought to con- 
tain most structural genes (Chap. 3), appear to be 
identical in the primate species examined so far 
(Sect. 14.2.1). Variation is found in the satellite DNA 
and heterochromatin fractions. 

In experiments with nonradioactive (CISS) hybridi- 
zation [51] certain regions of ape chromosomes re- 
main unlabeled with human DNA. These include telo- 
meric hetero chromatin in Pan and Gorilla, Y chro- 
matin in Gorilla and Pongo, and an interstitial hetero- 
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Fig. 14.10. Phylogeny of the Hominoidea showing contempo- 
rary distribution of sequences homologous to the four hu- 
man satellite DNA species I-IV. (For explanation see text) 



chromatic band in chromosome 14 of Pan. It is not 
impossible that these - at first glance inconspicuous 
- differences between chromosomes of Homo and 
the great apes may be associated in some way with 
the evolution of specific human traits. Reassessment 
of these problems is needed by a variety of modern 
techniques (Chap. 3) that allow an incisive analysis. 
Species-specific satellite DNA fractions are known 
notably in the higher primates but in other species 
as well. Their significance for evolution and gene 
function remains obscure. 



14.2.3 Protein Evolution [109] 

Protein Sequences [23, 41]. One of the major achieve- 
ments of biochemistry has been the determination 
of amino acid sequences within proteins. When the 
first sequences became known in the late 1950s and 
the early 1960s, homologies of sequences between 
homologous proteins of different species soon be- 
came apparent. Similarly, within the same species 
homologies between different but functionally related 
proteins were found. The sequences were usually 
identical at some positions and showed differences 
in others. At that time it was already known from 
study of some human hemoglobin variants that point 
mutations usually lead to the replacement of a single 
amino acid in a polypeptide chain. When the genetic 
code was deciphered, such replacements were shown 
to be caused by substitution of only one base in the 
transcribed DNA strand. Determination of biological 
relationships among species then followed by com- 
paring the number of differences in amino acid se- 
quences of their homologous proteins. Phylogenetic 
trees were thus constructed that could be compared 
with those derived from classic paleontological and 
morphological evidence. The methods of tree con- 
struction are discussed critically elsewhere [30]. 

Phylogenetic Tree for Hemoglobin Genes [113]. Fig- 
ure 14.11 shows a phylogenetic tree for a number of 
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Fig. 14.11. Phylogenetic tree based on 
myoglobin and the Hb a and P genes. 
Ordinate, the approximate time of the 
splits between two phyla, on the basis of 
paleontological evidence; numerals, the 
number of nucleotide replacements be- 
tween species; numerals in boxes, substi- 
tutions corrected for multiple-step muta- 
tions. The myoglobin sequence of the pig 
was incomplete at the time of tree con- 
struction, and the number of replace- 
ments is therefore slightly underestima- 
ted. (From Goodman and Tashian 1976 

[41]) 



Million years 




vertebrate species, including man, chimpanzee, and 
gorilla using amino acid sequences of myoglobin 
and the Hb a and Hb /? genes. The time scale is de- 
rived from paleontological evidence. This tree shows 
that there is only one base substitution for these 
genes between man and chimpanzee and three be- 
tween humans and gorilla. 

More detailed evidence has come from comparative 
DNA sequence analyses of noncoding sequences 
within the HBB gene cluster [43]. These have con- 
firmed the sequence of relationships; Homo - Pan - 
Gorilla - orangutan - rhesus; Pan showed fewer dif- 
ferences from Homo than from Gorilla. Occasionally, 
however, exceptions have been noted, the involucrin 
gene encoding an epidermal protein, for example, is 
more similar between Pan and Gorilla than between 
Pan and Homo [24]. 

Similar trees can be constructed for other proteins 
and - by combining the evidence - for all known 
proteins together. They can be extended beyond the 
vertebrates by including primitive animals and - for 
ubiquitous proteins such as histones or cytochrome c 
- even plants, fungi, and micro-organisms. 

Rates of Evolution for Different Proteins. The number 
of necessary mutations for a given number of steps 
of speciation can be compared for different proteins. 
Some proteins have turned out to evolve at a much 



higher rate than others (Table 14.3). The histones, for 
example, have been amazingly stable, whereas the fi- 
brinopeptides have evolved at a much faster rate. Re- 
membering that only a minute fraction of all muta- 
tions are fixed during evolution - on average about 1 
in 3.5 million [55] - we can discount differential mu- 
tation rates as a possible explanation; rather, the re- 
straints imposed upon the amino acid sequence by 
protein function seem to be important. Fibrinopep- 
tides, for example, are released in the process of fi- 
brin formation from fibrinogen; their function is not 
very specific (covering of the fibrin surface, thereby 
preventing premature formation of the fibrin net- 
work). This might explain the high rate of evolution. 
It is understandable, on the other hand, that histones 
are very restricted in their conformation. They occur 
in the chromatin in intimate spatial relationship 
with DNA that could be impaired by even small mole- 
cular changes. 

Gene Duplications. As noted in Sect. 7.3, the molecule 
of hemoglobin A consists of two a- and two )8-chains; 
HbF has 7-chains and HbA^ has d-chains instead of 
the /^-chains. All four types of chains have many 
homologous amino acids in common. The most ob- 
vious explanation is that all these genes - together 
with the gene for the myoglobin chain - are derived 
from one ancestral hemoglobin chain. Stepwise, 
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Table 14 . 3 . Rates of mutation acceptance 
Dayhoff 1972 [ 23 ]) 


in evolution (from 


Proteins 


PAMs*" per 100 
million years 


Fibrinopeptides 


90 


Growth hormone 


37 


Pancreatic rib 0 nuclease 


33 


I mmunoglobul i ns 


32 


X chain C region 


39 


X chain V regions 


33 


y chain C regions 


31 


A chain C region 


27 


Lactalbumin 


25 


Hemoglobin chains 


14 


Myoglobin 


13 


Pancreatic secretory trypsin inhibitor 


11 


Animal lysozyme 


10 


Gastrin 


a 


Melanotropin 


7 


Myelin membrane encephalitogenic 
protein 


7 


Trypsinogen 


5 


Insulin 


4 


Cytochrome c 


3 


Glyceraldehyde 3 -PO 4 dehydrogenase 


2 


Histone TV 


0.06 



1 PAM = 1 accepted point mutation/ioo amino acid residues 
in 100 million years. An accepted point mutation in a pro- 
tein is one that leads to a replacement of one amino acid 
by another. 



functional differentiation required duplication of 
these genes so that one copy could maintain the ori- 
ginal function while the duplicated one was free to 
acquire a new function. Figure 14.12 shows the dupli- 
cation steps for the hemoglobin genes, together with 
the evolutionary level at which they occurred and 
the approximate time scale. Such genes with a com- 
mon origin and, very often, related functions consti- 
tute a “gene family” (Sect. 3.1.3.10). The largest gene 
family known so far is that comprising immunoglo- 
bulins and cell surface molecules necessary for cell 
contacts (Sect. 7.4). 

Duplications of genetic material - either of individual 
genes or short chromosomal parts or of the whole 
genome (polyploidization) - have been of major im- 
portance in evolution. Apparently no polyploidiza- 
tions have occurred in the evolution of mammals 
[85]; minor duplications and deletions have been fre- 
quent. 

The evolution of multigene families has been studied 
by Maeda and Smithies [71] using the human hapto- 
globin system as main example. Haptoglobin is a he- 
moglobin binding protein of the blood; it was one of 
the first human examples in which unequal crossing 



over was studied (Sect. 5.2.8). Analysis at both the 
protein and the DNA levels led to the conclusion that 
recombinational events, for example unequal crossing 
over or gene conversion, “often produce much more 
drastic changes than do simple point mutations. 
New alleles and new genes are constantly being 
formed by recombinational events between existing 
genes.” Therefore evolutionary trees such as those 
shown above present an oversimplified picture of the 
real events during evolution; they should be inter- 
preted with caution. This also applies to conclusions 
regarding single or multiple origin of mutations that 
are based on the DNA haplotypes in which they are 
observed (see Chap. 12). 

Evolution of Genes for Protein Domains. Above we 
considered only changes in amino acid sequences. 
However, proteins have a characteristic three-dimen- 
sional configuration, which is usually formed by a 
succession of two or more “domains,” i. e., sequences, 
within which there are many contacts, whereas sub- 
stantially fewer contacts are found between domains 
of one protein. Comparison of domains from differ- 
ent proteins has shown conformational similarities 
to be more widespread than anticipated from amino 
acid sequences. Protein domains may be very similar 
in conformation in the absence of similarity in amino 
acid sequence. In the course of evolution mutations 
were accepted only when the resultant amino acid re- 
placement did not disturb conformation [94]. As sug- 
gested by model calculations, only about 200-500 
such domains may have been the basic units from 
which the great number of different proteins that oc- 
cur in nature have been found. As discussed in 
Sect. 3.1.3, genes of higher organisms consist of sever- 
al exons ( = transcribed DNA sequences) separated 
by introns ( = nontranscribed sequences). A single 
exon may comprise the DNA sequences for determi- 
nation of such a protein domain. 

The factor VIII gene involved in blood coagulation, 
for example (Sect.3.1.3.7) can be traced back to three 
domains A, B, and C. The A domain consists of 
330 amino acids, the B domain 980, and the C do- 
main 150. These domains are arranged in the order 
A1-A2-B-A3-C1-C2. The A domains show an unex- 
pected but significant homology to ceruloplasmin, a 
copper-binding serum protein which also consists of 
three A domains, but lacks the B and C domains. To 
mention only one other example, the MHC genes 
which belong to a very widespread gene family 
(Sects. 5.2.5; 7.4) may have been assembled 400 mil- 
lion years ago from at least three structural compo- 
nents [59]. 

Advantageous or Neutral Mutations? Why are certain 
amino acids in a sequence replaced by others over 
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O = duplication 

Fig. 14.12. Steps of duplication for the hemoglobin genes and 
evolutionary stage at which they occurred. Additional dupli- 
cations have led to the hemoglobin chains of early embryonic 

the long term? There are two possibilities: either they 
improve the functional condition of the molecule, 
which makes for a selective advantage, or they are re- 
placed - although they are selectively neutral or even 
very slightly deleterious - by genetic drift or random 
fixation (Sect. 13.3). The latter possibility has been 
stressed by Kimura [55-57]. In the introduction to 
his monograph [55], Kimura writes: 

The neutral theory asserts that the great majority of evo- 
lutionary changes at the molecular level, as revealed by 
comparative studies of protein and DNA sequences, are 
caused not by Darwinian selection but by random drift 
or selectively neutral or nearly neutral mutants. The theo- 
ry does not deny the role of natural selection in determin- 
ing the course of adaptive evolution, but it assumes that 
only a minute fraction of DNA changes in evolution are 
adaptive in nature, while the great majority of phenotypi- 
cally silent molecular substitutions exert no significant in- 
fluence on survival and reproduction. . . . 

The neutral theory also asserts that most of the intraspe- 
cific variability at the molecular level, such as is manifest- 
ed by protein polymorphism, is essentially neutral so that 
most polymorphic alleles are maintained in the species by 
mutational input and random extinction. . . . [It] regards 
protein and DNA polymorphisms as a transient phase of 
molecular evolution and rejects the notion that the major- 
ity of such polymorphisms are adaptive and maintained 
in the species by some form of balancing selection. 

On the other hand, Kimura clearly differentiates be- 
tween positive (adaptive) selection, which he thinks 
is very rare at the molecular level, and negative se- 
lection, by which disadvantageous mutations are 
being eliminated in great numbers. He even esti- 
mates that only 10% of all new mutations are neutral 
(or even slightly deleterious), while about 90% are 



age, the g and e chains. Moreover, there are, in humans, two y 
and two a chains (See Sect. 7.3). Information on the exact 
time of gene duplication for these chains is not available 

outright deleterious and have no chance of being 
fixed. 

This “neutral” hypothesis, if applicable to a signifi- 
cant amount of genetic change in time, would have 
important consequences for our understanding of ge- 
netic differences between and also within species that 
must have originated during evolution. Therefore it is 
not surprising that it has led to heated discussions 
among population geneticists. These discussions 
have been beset with misunderstandings, many of 
which were clarified when Kimura summarized his 
views [55]. 

To understand this hypothesis, two scientific develop- 
ments should be recalled: 

1. In the 1960s an enormous amount of genetic varia- 
bility became apparent at the protein and therefore 
at the DNA level. Methods for determining amino 
acid sequences showed differences between homo- 
logous proteins in different species as well as be- 
tween related proteins in the same species. More- 
over, analysis of the genetic code opened up new 
sources of variation for analysis. Among other as- 
pects, the enormous amount of DNA available in 
the eukaryotic cell (Sect.3.1.1.1) raised the question 
of its function. The large amount of DNA and its 
considerable variability induced some scientists to 
question whether natural selection as assumed by 
the neo-Darwinian theory of evolution accounted 
for these findings, or whether at the molecular le- 
vel random processes were more important. If se- 
lection were the critical factor, as maintained by 
the conventional synthetic theory of evolution, the 
number of DNA sites subject to selection would be 
enormous. 
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2. At the same time, Kimura developed mathematical 
diffusion models that provide answers to such 
questions as: “What is the probability that a single 
mutant which appears in a finite-sized population 
will eventually spread throughout the whole popu- 
lation?” (i.e., the probability of gene fixation, 
Sect. 13.3). 

In a classic paper, he formulated the problem and its 
solution as follows: 

Consider a population of size N. ... If we look sufficiently 
long into the future, the population of genes at a particular 
locus will all be descended from a single allele in the pre- 
sent generation. . . . This is the result of the inexorable 
process of random genetic drift.^ If, in the present genera- 
tion, an allele exists in frequency p, the probability is 
. . . p that the lucky allele from which the whole population 
of genes is descended is A^ rather than some other allele. 
Now, if mutation occurs at a rate fi per gene per genera- 
tion, then the number of new mutants at this locus in the 
present generation is Furthermore, the probability 

that a particular gene will eventually be fixed in the popu- 
lation is 1/2N. So the probability of a mutant gene rising in 
this generation and eventually being incorporated in the 
population is 

2Nux — = u 
^ 2 N ^ 

The rate of neutral gene substitution is identical with the 
mutation rate - irrespective of population size. 

^ This statement follows from the rules of random fixation; 
Sect. 13.3. 

^ Where N = size of populations. 

Kimura [55] later amended his reasoning somewhat 
by noting that a mutant that is selectively disadvanta- 
geous in a large population may be neutral in a small 
one, so that the rate of substitution would in fact be 
more rapid in small populations. 

In his model calculations Kimura treated random 
mutation as a time-dependent process [55]. He be- 
lieved that random fixation of mutations, depending 
only on the mutation rate, would predict accumula- 
tion of genetic differences at a linear time scale, re- 
gardless of species, generation time, and other para- 
meters. It would be limited only by the constraints 
imposed by the functional requirements of the genes 
and their products, the proteins: “negative selection” 
eliminated base substitutions and amino acid repla- 
cements not compatible with normal function. Differ- 
ences in the speed of evolution between different pro- 
teins (Table 14.3) can be explained by this negative 
selection, in agreement with conventional theory. 
Only the different sequences maintained in the 
course of evolution cannot, in his opinion, be ex- 
plained by corresponding differences in positive se- 
lection. 



The value of the “neutral hypothesis” for an explana- 
tion of aspects of evolution can be tested by examin- 
ing whether its predictions are verified or refuted by 
actual data. Such predictions have been made at two 
levels: amino acid sequences and replacements in 
proteins; base sequences and substitutions in the 
DNA. 

As observed above, one prediction is the linear time 
dependence of the amino acid replacement rate - the 
evolutionary clock. Its establishment required mea- 
surements of the time when two branches in a phylo- 
genetic tree split, using an independent time scale 
based upon paleontological evidence. Discussions in 
the literature on this prediction have often dealt with 
this evidence. For example, some species of fish have 
been living in the deep ocean from time immemorial, 
and the ecological conditions must have been very si- 
milar if not identical throughout, but protein “evolu- 
tion” nevertheless proceeded at a steady state. The 
a- and ^-hemoglobin chains in nonhuman mammals 
have diverged since their separation by the same rate 
as those in humans and fish. On the other hand, more 
detailed examinations of some parts of the “phyloge- 
netic tree” reveal deviations: the protein evolution of 
primates, for example, has been slower than predict- 
ed by the “clock.” This has been confirmed by stu- 
dies of DNA [8, 43, 66]. 

Arguments Against General Applicability of the Neu- 
tral Hypothesis. Much of the discussion about the 
neutral hypothesis involved arguments from theoreti- 
cal population genetics. Suffice it to say that, depend- 
ing on specific assumptions on the parameters of the 
genetic models used, conclusions other than those 
derived by Kimura are possible (for example, see 
[29]). Ideally the theory and the propositions derived 
from it should be tested by empirical evidence. 

The following points are undisputed: 

1. Many forms of mutation lead to genetic defects. 
They have a strong selective disadvantage, how- 
ever, and are soon eliminated from the population. 

2. Other mutations are subject to special modes of se- 
lection that maintain genetic polymorphisms, ei- 
ther by heterosis (Sect. 12.2.1.3) or by frequency-de- 
pendent selection (Sect. 12.2.1.5). 

3. Many amino acids found in proteins would have no 
measurable selective advantage under present-day 
conditions compared to the amino acids that they 
replaced during evolution, probably many millions 
of years ago. 

Some amino acid replacements change biological 
properties of proteins, such as protein conformation, 
less than others. They have a higher chance of being 
selectively neutral and of being fixed by random pro- 
cesses. 
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It is conceivable that an undetermined proportion of 
mutations had a slight selective advantage at the 
time of fixation. Some recent evidence points to 
such influences: 

1. Once the function of a certain gene product is es- 
tablished, selection tends mainly to preserve its 
functional characteristics or even adapt the mole- 
cule somewhat better to its function. A substitu- 
tion of one amino acid for another with similar 
conformational and biochemical properties there- 
fore tends to be maintained [14, 21]. There is, in- 
deed a strong correlation between biochemical si- 
milarity of amino acids and probability of substitu- 
tion. 

2. Once a mutant is formed, for example, by duplica- 
tion, selection is expected to adapt it to its new 
function; the frequency of amino acid replacement 
presumably increases. This was asserted for the he- 
moglobin genes, which show increased amino acid 
replacement after exhibiting duplications [42]. This 
result has been disputed, however, mainly by ques- 
tioning the paleontological evidence on which it 
was based and the method of tree construction 

[55]. 

3. The neutrality hypothesis postulates that many, if 
not most, present-day polymorphisms in the hu- 
man population are not maintained by selection 
but are neutral alleles on the way to fixation by 
drift. 

At first glance the distribution of rare and common 
electrophoretic variants seemed to contradict this 
postulate (see Sect. 12.1). The observed distribution 
is strongly bimodal; there is a group with relatively 
high (intermediary) gene frequencies, which are 
thought to be maintained by heterozygote advantage 
or frequency-dependent selection, and a group with 
low gene frequencies that could comprise genes 
maintained without selective advantage or disadvan- 
tage by genetic drift. The neutral hypothesis would 
predict a relatively high frequency of different rare 
and very common (gene frequency >0.9) variants, 
and a lower frequency of variants with intermediary 
gene frequencies; this is apparently at variance with 
the distribution actually found. However, it is very 
difficult to distinguish whether such a distribution 
has been caused mainly by genetic drift of neutral al- 
leles, by a mixture of various modes of selection, or 
by both. 

4. The hypothesis can also be discussed at the level of 
DNA. For example, base substitutions not leading 
to amino acid replacements - especially those af- 
fecting the third base of a codon - were found to 
be more common than those causing such replace- 
ments; and DNA sequences outside transcribed re- 



gions turned out to be especially variable. This 
also applies to variation within the human species; 
there are many DNA polymorphisms of various 
types (Sect. 12.1). An average heterozygosity/codon 
might be about ten times as high in noncoding 
DNA sequences of the human genome, including 
also introns, as in coding sequences [19]. Moreover, 
the base substitution rate in functionally inert 
pseudogenes, for example, an Hb a pseudogene of 
the mouse (Sect. 7.3), appears to be higher than in 
their active counterparts. On the other hand, a 
comparison of the mRNA of the hemoglobin-^- 
chains for humans, mouse, and rabbit failed to 
show the randomness expected from the neutral 
hypothesis; on the contrary, the pattern of base 
substitutions was decidedly nonrandom [33]. 

As shown by these and other arguments, much of the 
evidence adduced either for or against the “neutral 
hypothesis” is ambiguous. Until these questions are 
settled, some plausible inferences can be attempted. 

''Genetic Sufficiency” [113 a, 114, 115]. Let us assume 
that environmental conditions change in such a way 
that functional adaptation of a certain polypeptide 
becomes less efficient. Then, if a mutation occurs 
that meets the new demand in a more efficient man- 
ner, its carriers enjoy a selective advantage. The new 
mutation does not necessarily improve the polypep- 
tide to its optimal conceivable state; there is only 
some improvement. Moreover, a number of different 
mutations may bring about this improvement; nature 
has a number of options by which a given demand 
can be met, not always in an optimum fashion but of- 
ten to an adequate degree. The actual substitution 
that is selected depends on the availability of mutants 
in the population at the time when the demand 
arises. Availability, in turn, depends on the mutation 
rate (in addition to genetic drift). Indeed there is evi- 
dence that base transitions are more frequent among 
mutations that were fixed during evolution than are 
transversions; transitions, especially those in CpG di- 
nucleotides, are more frequent among fresh muta- 
tions (Chap. 9) [18, 104]. There is thus an element of 
randomness within the boundaries imposed by func- 
tional demands and selection. 

One example familiar to human geneticists may help 
to demonstrate the meaning of “genetic sufficiency.” 
When malaria became widespread in populations of 
tropical countries, an improved resistance against 
this disease became useful to the population. Genetic 
adaptations soon occurred in all exposed popula- 
tions. The precise mode of adaptation, however, dif- 
fered (Sect. 12.2.1.6). In Africa HbS and HbC were se- 
lected, while in the Austroasiatic population it was 
HbE, and in various populations different thalasse- 
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mias and various G6PD deficiencies became frequent. 
The adaptive value of these mutations was by no 
means identical; HbE, for example, offered protection 
from malaria at a much lower price than most /? tha- 
lassemias, as HbE homozygotes have a much milder 
form of anemia than P thalassemia homozygotes 
(Sect. 12.2). Nevertheless, both adaptations were suffi- 
cient, since the population survived. Obviously the 
adaptations depended on the kind of mutation that 
happened to be present and could therefore be fa- 
vored by selection. 

This concept of “evolutionary sufficiency” was pro- 
posed by the biochemically oriented biologist Zuk- 
kerkandl. However, it is very similar to the position 
of the population geneticist Ewens [29] that various, 
not necessarily “optimal,” combinations of genes 
may meet a special demand from the environment. 
Kimura’s ideas [55] are not far from this concept. 
The main difference seems to be that authors such 
as Ewens and Zuckerkandl attribute greater impor- 
tance than does Kimura to positive selection, i. e., se- 
lection in favor of slightly advantageous substitutions 
in addition to random processes. It appears to be 
agreed, however, that in a constant environment 
most selection is of a negative kind, i. e., tends to pre- 
serve a certain function by eliminating deleterious 
mutants. 

Limitations of Present Knowledge of Natural Selection 
and Neutral Substitutions in the Evolution of Proteins. 
Most research workers agree that natural selection 
has been responsible for substitution of some amino 
acids in proteins and for some of the genetic protein 
polymorphisms found in the human population. On 
the other hand, a portion of the observed variation 
among species and within the human population is 
probably caused by random drift; here selective ad- 
vantages or disadvantages may be trivially small or 
even completely lacking. However, current evidence 
is insufficient to decide what proportion of genetic 
variability is caused by selection and what proportion 
by random processes. In this context the amount of 
genetic polymorphism in the human population 
should be remembered: The human genome may 
comprise about 50 000-100 000 structural genes [58] 
that encode for proteins. Among the known proteins 
up to 30% may be polymorphic. 

Most expressed polymorphisms affecting proteins 
and enzymes have been detected in the blood. As ex- 
plained elsewhere (Sect. 12.1.2), the amount of expres- 
sed polymorphisms in other, less accessible tissues 
may be much lower, but there are probably hundreds 
or even thousands of polymorphic loci, only a minute 
fraction of which are known so far. Moreover, al- 
though the physiological function of many poly- 
morphic enzymes is completely unknown, inferences 



regarding natural selection are much more likely to 
be correct if founded on knowledge about the phy- 
siological function of the polymorphism under 
study. 

In most proteins a characteristic function depends 
crucially on a few amino acid positions. Functional 
restrictions can be of such a general kind that they 
may be met with by many different amino acids; for 
example, maintenance of three-dimensional confor- 
mation. Here genetic drift may shift bases freely, and 
this may lead to polymorphisms at the protein level. 
These polymorphisms may even bring about small 
functional differences that do not or only trivially in- 
fluence fitness (Sect. 12.1.2) of their carriers. When 
the ecological conditions change, they might provide 
a reservoir for fast adaptation. On the other hand, 
the fact that selective influences are still unknown 
for most polymorphisms does not mean that selec- 
tion has been absent. On the contrary, it is difficult 
to detect selection - especially in human populations, 
where modern civilization has changed living condi- 
tions considerably within a very few centuries, hav- 
ing eliminated potentially important selective agents 
such as infectious diseases and - for large parts of 
the world population - malnutrition. The discovery 
of selective mechanisms requires specific, functional- 
ly founded hypotheses. This does not mean, that all 
functional differences found among polymorphic 
variants must at some time have influenced fitness. 
But it would be difficult without such assumption to 
explain why the rare variants of polymorphic en- 
zymes generally show lower activities (Sect. 12.1). 
The undisputed fact that selective influences are still 
unknown for most expressed human polymorphisms 
does not mean that selection has been absent; rather, 
it testifies to our inability to propose and test well- 
founded hypotheses on selective mechanisms. The 
neutral hypothesis, when applied to the study of hu- 
man polymorphisms, might even have a counterpro- 
ductive effect if it discourages the search for sources 
of natural selection. 

Evolutionary Clock and Mutation. The evolutionary 
clock can be explained if mutations are time depen- 
dent irrespective of species, and if they are fixed at 
random. As discussed in Sect. 9.3, mutation rates in 
humans are sometimes higher in male than in female 
germ cells, some mutation rates increase with the age 
of the father, and many mutations seem to be related 
to DNA replication. Even the fact of the vastly differ- 
ent generation times found in various animals makes 
it highly unlikely that mutation is simply time depen- 
dent. 

For a more realistic approximation to the mutation 
rate it would be desirable to construct a timetable 
based on our knowledge of mutation mechanisms 
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[i8], for example, generation time, average ages of re- 
production, the number of DNA replication cycles/ 
generation, the position of the mutated site within 
the base sequence, and many others. Moreover, repair 
processes must be considered [103]. If a clocklike reg- 
ularity of base substitutions were indeed shown 
(which is, in our opinion, dubious) it could certainly 
not be used as argument in favor of random fixation 
of mutations. According to the rule derived by Ki- 
mura (see above), the rate of fixation depends only 
on the mutation rate, which cannot be assumed to 
be solely time dependent in all species. 

A possible way out of these difficulties may be to as- 
sume that mutations which are slightly disadvanta- 
geous in large populations are effectively neutral in 
small ones and therefore have a higher probability of 
being fixed. Species with large body size (such as ele- 
phants) have a longer generation time on average 
(and probably also a lower number of DNA replica- 
tion cycles/ fzme unit) but a smaller population size 
than species with small body size (such as mice). 
One could also argue that the mutation rate/time 
unit does not depend only on the various molecular 
mechanisms, such as the number of replication cy- 
cles/time unit, but has been adapted to an optimum 
rate by natural selection. But why, if most mutations 
are neutral anyway? 

In conclusion, in proposing the “neutral theory” Ki- 
mura has certainly made an important point by 
stressing that evolution at the molecular level has 
some aspects not revealed when studied at the level 
of phenotypes. There is little doubt that random (or 
near-random) processes at the molecular level are 
much more important than most biologists have pre- 
viously thought, especially in nontranscribed DNA 
sequences. It is often observed that the explanatory 
power of new theoretical concepts is overrated by 
their originators. As Popper says, however, science 
can proceed only by boldly advancing hypotheses 
and then submitting them to stringent testing. On 
the other hand, there may be other functional con- 
straints leading to compartimentalization (so-called 
“isochores”) of both coding and noncoding DNA 
that introduce an unexpected source of natural selec- 
tion [5]. 

Special Problems Posed by Highly Variable DNA Poly- 
morphisms. Many DNA polymorphisms outside cod- 
ing regions show an unusually high degree of interin- 
dividual variation and are often unusually unstable in 
transmission between parents and children. Is this 
merely a sloppiness of replication mechanisms that 
was not eliminated during evolution because it had 
no influence on survival and reproduction, or does it 
have a special biological function, and therefore a se- 
lective advantage? 



Evolution by Reshuffling of Exons. Discovery of the 
exon-intron structure of genes (Chap. 3 and Sect. 7.3) 
opened up a new path for our understanding of pro- 
tein evolution: exons may be separated from one 
other and rearranged in a new order, or some exons 
of only one gene may be transcribed in one species 
whereas the entire set is used in another. As noted 
above in the discussion of alternative splicing 
(Sect.7.2.2.4), such differences in gene usage have 
been observed even between different tissues of the 
same individuals; this appears to be one mechanism 
of differentiation. 

Some sets of exons are used to construct different 
proteins. For example, the low-density lipoprotein re- 
ceptor has homology with eight exons that code for a 
precursor of epidermal growth factor. This and other 
work suggests that functional proteins are mosaics 
of simpler structures that are shuffled together (see 
[40]). The complexity of proteins appears to be de- 
rived from the combinatorial assembly of a relatively 
reduced number of smaller genes that specify exon 
structure. 

Comparison of the Protein Data with Data from 
Chromosome Evolution and Satellite DNA. The data 
on evolution of proteins show amazingly few differ- 
ences between Homo and the other higher primates, 
chimpanzee and gorilla. For practical purposes these 
proteins can be regarded as identical. In the hemo- 
globin molecule, for example, these species differen- 
ces are functionally less important than rare variants 
in human populations that are fully compatible with 
life but may lead to mild hemolytic anemia. This ex- 
tremely slow evolution can be explained if the func- 
tion of these proteins remained largely identical. 
However, even looking at karyotypes we find only a 
few chromosomal rearrangements, mainly pericen- 
tric inversions. Similar rearrangements are not so 
rare in the present human population, and they do 
not influence the phenotype at all. They might ex- 
plain reproductive barriers that were once an impor- 
tant condition for speciation, but they do not ex- 
plain the genetic mechanisms that created the speci- 
fic human phenotype. Little is known about the 
functions of additional R and T bands and species 
differences in various DNA fractions. However, cen- 
tromeric heterochromatin shows much variability 
within current human populations. An effect of 
these heteromorphisms on human phenotypes such 
as behavior has been claimed but is not generally 
accepted [28]. 

Thus we are left with the conclusion that the genes 
important for human evolution during the phase of 
human brain development are completely unknown. 
Since most human DNA does not code for proteins 
and might either be “junk” or of great importance in 
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regulating gene activity, especially during embryonic 
development, relevant changes may have occurred 
within this nonstructural DNA [115]. Such alterations 
might have taken place within the nontranscribed 
parts of those sections of DNA separating structural 
genes that are postulated to have regulatory func- 
tions. It is conceivable that DNA sequences not im- 
portant in structural gene function may somehow be 
required for development, and hence that changes 
within those DNA species are especially efficient in 
bringing about improvements in brain function. 
This concept, however, is very speculative and gener- 
al. Formulation of more specific hypotheses requires 
more to be known regarding genetic determination 
of embryonic development and regarding genes af- 
fecting intraspecies variation in human behavior 
(Chap. 15). Even disregarding any phenotypic effects 
and only considering the analyzed genetic phenom- 
ena such as chromosome rearrangements, addition 
or reduction of chromosome material, satellite DNA 
and amino acid sequences of proteins, many aspects 
are still poorly understood. For example, how were 
chromosome rearrangements fixed in populations? 
Are the mechanisms identical to those applying to 
amino acid replacements? What single events formed 
satellite DNA and other repetitive DNA fractions? Do 
such events have specific significance for speciation 
or for regulation of gene functions? 

14.2.4 DNA Polymorphisms and Evolution 

As discussed in Sect. 14.2.3, neutrality of base substi- 
tutions is more plausible for polymorphisms situated 
outside coding DNA sequences than for those leading 
to changes in proteins. Comparisons have therefore 
been carried out based on nuclear and mitochondrial 
DNA, between humans and higher apes and between 
human populations. 

A Phylogenic Tree of Mitochondrial DNA. Mitochon- 
drial DNA (mtDNA) is particularly well suited to evo- 
lutionary studies. The mitochondrial genome is com- 
pletely known (Sect. 3.4); with somewhat more than 
16 000 base pairs, it is fairly short. It is transmitted 
by the mother to all children regardless of sex, which 
much simplifies population genetic analysis. More- 
over, changes within mtDNA are fixed in a popula- 
tion much faster than in the nuclear DNA - probably 
as a consequence of the simple maternal transmission 
rather than of a higher mutation rate. Wilson’s group 
has published a series of papers comparing mtDNA 
sequences among humans from different populations 
(see, for example [108, 110]). Examining 370 restric- 
tion sites covering variation in 1550 base pairs - al- 
most 10 % of the mitochondrial genome - in 241 indi- 
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Fig. 14.13. Phylogenetic tree relating 147 types of human 
mtDNA. An average of 370 restriction sites was used to map 
the mtDNA of 177 individuals. The tree was constructed on 
the assumption that it starts with one type of mtDNA 
(= one individual?), and that the minimum of nucleotides 
possible be required to reach present-day diversity. Shaded 
segmentSy control region. (From Wilson et al. 1987 [110]) 

viduals of various ethnic origins, they described 
182 types of mitochondrial DNA. From these types a 
phylogenetic tree was constructed (Fig. 14.13). These 
studies were later supplemented by DNA sequence 
analysis of the control region (shaded in Fig. 14.13) 
and compared with chimpanzees [102]. The main 
conclusions from these studies were: 
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1. The variation of mtDNA types is much greater 
among Africans than in the rest of mankind. There 
are two branches of mtDNA in Africans, only one 
of which is shared with the rest of the human spe- 
cies. 

2. The “evolutionary clock” worked relatively regu- 
larly in mtDNA evolution but much faster than in 
the evolution of nuclear genes. 

3. All mtDNA lineages found in the various popula- 
tion groups today can be traced back to one wo- 
man who lived in Africa about 200 000 years ago. 

4. All human populations living today can be traced 
back to one (or a few) closely related humans who 
emigrated from Africa. Their “migration” history 
can be reconstructed in crude outline by compar- 
ing population groups within the non-African 
branch. 

This attractive hypothesis has been challenged main- 
ly on statistical grounds [39, 60]. Construction of 
the “evolutionary tree,” for examples has been criti- 
cized as the methods which it requires raise difficult 
statistical problems [38]. Furthermore, the tree’s 
“rootedness,” i. e., the fact that it leads back to a sin- 
gle origin, is in fact a condition for its construction 
- and therefore cannot be represented as a conclusion 
[60]. Moreover, a great number of different trees may 
be constructed by appropriate shifting of plausible 
assumptions and techniques [39]. Trees are often set 
up using the principle of parsimony, i.e., they are 
based on the lowest number of mutational steps ne- 
cessary. However, there are of course many other pos- 
sibilities, including those positing a non-African ori- 
gin. Moreover, even if a common origin in Africa is 
assumed, the time at which the woman was supposed 
to have lived who had the original mtDNA from 
which all the others were supposed to originate 
(200 000 years ago) is probably too close to the pre- 
sent if realistic assumptions on population size and 
its increase are made. Therefore the nice, romantic 
picture of “mitochondrical Eve” living some 
10 000 generations ago in Africa is probably incor- 
rect. (Here we can mention only some aspects of the 
criticism; for a more complete assessment see analy- 
ses described by Gee [39].) 

Two conclusions, on the other hand, probably are 
correct: 

1. Variability of mtDNA appears to be larger in Afri- 
cans and their descendents than in other racial 
groups. Together with the fossil record [7] this 
tends to support the hypothesis that present-day 
Mongoloid and European racial groups may have 
originated by immigration from a limited African 
group in relatively recent times. Still, this concept 
is challenged by a few other paleoanthropologists 
who prefer a multifocal origin of Homo sapiens 



[101]. If the hypothesis is correct, however, which 
we regard as likely, it raises the question of what 
happened to the much older Homo erectus popula- 
tions found in Asia and Europe - a question that 
cannot be answered at present. 

2. It is also plausible that all human mtDNA may 
ultimately stem from one female; however, she 
most probably lived considerably more than 
200 000 years ago [60]. Moreover, the history of 
the mitochondrial genome does not differ greatly 
from the history of our chromosomes, as explained 
in Sect. 14.2.1. We have good reason to believe that 
each of our chromosomes (or chromosome seg- 
ments) can be traced back to one individual (in 
this case, it may also be a “father”). For example, 
the telomeric fusion leading to chromosome 2, 
which all human beings have in common, might 
well be due to one mutational event in one indivi- 
dual. This is also plausible for the pericentric inver- 
sions in which humans differ from chimpanzees. 
As to single base replacements leading to amino 
acid sequence differences between species in pro- 
teins, many may also go back to unique mutational 
events, whereas others - especially those involving 
mutations with relatively high probabilities such 
as transitions in CpG dinucleotides (Sect. 9.4) may 
well have been fixed twice or more times. 

The analysis of mtDNA evolution shows how scienti- 
fic knowledge often grows. First, there is a theoretical 
concept that appears to be supported by an elegant 
set of data. Thus both the result and the conclusions 
convince many scientists. If the topic is sufficiently 
interesting, especially if an attractive slogan is found 
for popularization, such as the “African Eve,” the hy- 
pothesis may attain wide popularity and be accepted 
widely but in a way often contrary to the intentions 
of its inventors. This course of events induces other 
scientists to assess it critically and results in many 
questions regarding its validity. Nevertheless, some 
progress is achieved. This instance demonstrates the 
need for critical evaluation of hypotheses in order to 
determine the degree of truth which they do in fact 
contain. In the present case, for example, we have 
learned the greater variation in mtDNA among Afri- 
cans than in other racial groups - a finding which 
still requires explanation. More importantly, however, 
is the gain in critical evaluation of such hypotheses 
generally; this may lead to improved assessment also 
of other results in related fields, for example, the con- 
struction of phylogenetic trees in general [65]. Such 
critical assessments do not detract from the merits 
of those proposing the hypotheses nor those trying 
to test it in a new way. 

It is a common, and often commendable, attitude 
among scientists upon hearing something really nov- 
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el, to say: “Here, I would be very, very cautious.” But 
this caution alone does not lead to any progress. The 
studies of Wilson’s group on mtDNA - despite all 
their weaknesses - have improved our understanding 
of human evolution. 



14.2.5 Behavior 

Man the Toolmaker. In the face of our deficient 
knowledge of the genetic determinants of human be- 
havior, it seems premature to speculate regarding the 
nature of the genetic changes that have brought 
about the last steps in the development of our spe- 
cies. It is, however, possible to develop hypotheses 
on the nature of selective pressures under which 
these changes have occurred, since the living condi- 
tions of our early relatives living in Africa can be re- 
constructed [54, 64, 95]. As mentioned, there were a 
number of related species such as Australopithecus 
afarensis, A. africanus, A. robustus, and Homo habilis 
(the first specimens of Homo erectus have been dated 
somewhat later). The varied ecological conditions of 
the Great Rift Valley - with its high mountains and 
deep valleys, its lakes and rivers - together with the 
variation of landscapes, after a cooler climate had 
led to a reduction in tropical forests - were propi- 
tious for radiation and speciation within populations 
of highly developed primates. The food conditions 
became more difficult than in the tropical forest; no 
doubt, the various groups (species?) adapted them- 
selves to these conditions in various ways. A. robus- 
tuSy for example, fed mainly upon rough plant mate- 
rial, as shown by his teeth. Homo habilis added 
more meat to his diet; this had the advantage of a 
higher energy content but required foraging in larger 
areas, and distribution of labor between the sexes: 
this led to the use and, later, production of stone 
tools. It also required a more sophisticated social or- 
ganization. 

It is difficult to reconstruct the living conditions and 
social organization since we must rely upon only in- 
direct evidence (none of us was present). In addition 
to careful assessment of the paleoanthropological 
and archeologic findings, observations of other pri- 
mates, especially the great apes, and of present-day 
hunter-gatherer groups must be used. This recon- 
struction inevitably contains an element of subjec- 
tivity; a scientist’s prejudices may enter. Feminists, 
for example, tend to see the roles of males as more 
similar to that of females, they may criticize the fol- 
lowing description as too male oriented. We are im- 
pressed, however, by a variety of male/female beha- 
vioral differences in many animal species including 
nonhuman primates which appear to be of biological 
origin. Human male/female differences in behavior 



therefore sometimes may also have a biological 
basis. 

Social Structure of Early Prehuman and Human 
Groups. The context within which all activities of 
these early prehuman forms must be considered is 
the structure of the social group. Hunting with pri- 
mitive tools requires the cooperation of a fair number 
of individuals. Such cooperation must be carefully 
planned and requires the exchange of information 
over a certain distance. At a time when the males are 
hunting, the females must keep the children safe 
from predatory animals, while foraging near the 
campsite for fruits and, probably, small animals. All 
these activities require a fair group size of between 
20 and 50 individuals. 

Functioning of such a group could be improved by 
two conditions. The first is leadership. It is easily 
conceivable that hunting was planned by one male 
who convinced other group members to follow his 
advice. The second conditon is language. The task of 
a game-hunting group must have been much easier 
once its members were able to inform and direct one 
another by acoustic signals. 

These simple considerations give an idea of the selec- 
tion pressures favoring evolution of the two most 
prominent features that distinguish humans from all 
other animals: intelligence which enables them to de- 
velop abstract concepts and to plan for the future 
and, closely connected with this, language. 

The selective value of a genotype depends on the re- 
productive rate of individuals with this genotype rela- 
tive to others. It is, however, easily imaginable that 
dominant males in such a group - those who planned 
hunting and influenced the decision as to where the 
group would move to find favorable living conditions 
- also had the easiest access to women and would fa- 
ther more children than other males. Given the special 
requirements of this way of life, these males would, at 
the same time, also be the most intelligent and, more 
specifically, those most proficient in mastering lan- 
guage. In a very primitive present-day South Ameri- 
can Indian group, the Xavantes, for example, one 
dominant male has indeed been shown to be the father 
of many of the children [86]. The same tendency for 
headmen to father more children than nonheadmen 
has found in another tribe, the Yanomama [80]. 

Precursors of Language and Cultural Tradition in 
Apes and Monkeys. In an effort to better understand 
evolution of social structure and cultural traditions, 
such as toolmaking and language, many studies have 
been performed on higher primates, including chim- 
panzees, gorillas, baboons, and rhesus monkeys. The 
social structures of primate groups show vast differ- 
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ences - from baboon species that live in groups of 
hundreds to the male orangutan who lives alone in 
his territory and mates with females that happen to 
inhabit an overlapping territory. The group may be 
either open or closed; one male may be dominant, or 
more subgroups consisting of one male and a varying 
number of females may be present, or there may even 
be sexual promiscuity. The groups tend to be larger 
in the open savanna and half-desert than in the tropi- 
cal rain forest, but even this rule has exceptions. 
These observations do not permit direct conclusions 
as to the structure of early human groups. At least 
three kinds of observations might, however, lend 
themselves to extrapolation: 

1. Most groups show social stratification. Some ani- 
mals hold a dominant position in the hierarchy, 
and others are of lower rank. Such stratification is 
found - in one or another form - in present-day 
primitive human populations and may well have 
been one feature of early prehuman groups. 

2. Monkeys show cultural transmission of behavior. 
New behaviors, such as bathing in the sea or dip- 
ping a potato in seawater to improve its taste by 
salt, are invented by single individuals and even- 
tually taken over by the group. Whether a certain 
behavior is accepted depends on conditions that 
appear very human to us. A new behavior has a 
higher chance to be accepted by the group if the 
inventor is high-ranking than if he is low-ranking. 
Younger group members take over new behaviors 
much easier than older ones. 

3. While so far no primate has ever learned to vocal- 
ize sounds resembling a human language, some 
chimpanzees can be trained to convey detailed in- 
formation by giving hand signals using a symbolic 
sign language similar to that used by the deaf or 
using computer consoles with symbols. 

Chimpanzees are able to figure out ways of producing 
tools from parts given to them separately, to under- 
stand and use concepts such as shape vs. color, and 
to recognize themselves in a mirror and produce a 
picture of themselves by combining parts of a puzzle. 
When challenged sufficiently by the experimental de- 
sign, apes display amazing intellectual capacities. The 
question of why they apparently do not use more of 
these capacities in their daily life in the wild state 
has puzzled many research workers. Probably they 
use such capacities not for developing techniques or 
solving puzzles but to achieve success within the so- 
cial structure of their group, thereby improving their 
chance for reproduction [52, 103]. Achieving head- 
man status in primitive human societies is compar- 
able. The abilities developed under the selection pres- 
sure of social life in a primate group probably served 
as preadaptation for human cultural development. 



Behavioral Characteristics of Humans in Common 
with Other Species. The above discussion considers 
behavioral characteristics that differ between humans 
and other species. In a great many characteristics, 
however, humans and other animals are similar. For 
example, we are frightened, as are animals, if our life 
is threatened; we are sexually aroused if appropriate 
stimuli are offered; and an assailant may so enrage 
us that we react aggressively. 

The question of whether aggression is an innate hu- 
man characteristic has led to many discussions. Ac- 
cording to Lorenz (1966) [69], “there is an internal 
urge to attack. ... if actual attack has not been possi- 
ble for some time, this urge to fight builds up until 
the individual actively seeks the opportunity to in- 
dulge in fighting.” Many other scientists, however, 
believe that fighting derives principally from the sit- 
uation, but they do not deny that the emotional status 
of the animal is important as well. In Sect. 15.1.2, we 
see that the ease with which aggressive behavior in 
the mouse is elicited varies among inbred strains, 
and that this variation is correlated with the amount 
of the neurotransmitter epinephrine. 

According to Lorenz, humans, unlike other animals 
engaging in intraspecies fighting, tend to carry on 
until the enemy is destroyed; the inhibition to killing 
other members of the species is overruled mainly by 
development of weapons, especially those acting at 
greater distance so that eye-to-eye contact is avoided. 
According to this concept, in a society that does not 
permit occasional outlets for aggression the aggres- 
sive potential builds up, and the society may even be 
destroyed in the ultimate outbreak. 

Most social scientists, and many biologists, feel that 
this view oversimplifies the situation. To avoid de- 
structive intraspecific aggression, it seems important 
to look for different means of education apart from 
providing harmless outlets such as athletics, as pro- 
posed by Lorenz. Study of aggressive behavior in an- 
imals and possibly in nonhuman primates might 
help to understand possible biological aspects of the 
human situation somewhat better. 

Some other reactions seem to be inborn in human 
beings as well. For example, even children who are 
born blind and deaf smile when they feel that some- 
one is caressing them. The habit of acknowledging 
the recognition of another person by raising the eye- 
brows has been observed in all human cultures and 
may well be an inborn behavior pattern. 

Intensified exchange of ideas and concepts between 
human behavior genetics and ethology may help in 
the future to understand better the genetic determi- 
nation of human behavior. These and similar obser- 
vations and speculations have gained popularity in 
the United States as “sociobiology” and in Europe as 
“human ethology.” 
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Human Sociobiology [70]. Sociobiology is the biological and 
evolutionary study of all forms of social behavior. The term 
was coined by Wilson in 1975 [111] in his description of exist- 
ing knowledge of this area. However, the field was not entire- 
ly new. Ethology and behavioral ecology were areas of study 
investigating social behavior in animals. Investigators and 
theorists in sociobiology are distinguished by invoking ge- 
netic and evolutionary principles to understand and predict 
such behavior. The central theorem of sociobiology states 
that each individual can be expected to behave so as to max- 
imize his or her inclusive biological fitness [1, 111]. For exam- 
ple, the Darwinian theory of natural selection had difficulties 
explaining how altruistic behavior could survive in evolution 
since it diminished the fitness of the “altruist.” Such altruist- 
ic behavior, however, could be explained if the principle of 
kin selection is invoked (Sect. 12.2.1.5). Under such selection 
altruism can evolve if the advantages to survival of the group 
or the kinship outweigh the negative effects of selection act- 
ing on individuals. As Haldane put it succinctly many years 
ago (quoted in [96]), he was prepared to lay down his life 
for two brothers and eight cousins since he shared one-half 
of his genes with his brothers and one-eighth of his genes 
with his cousins! In general, however, kin selection is a weak 
selective agent compared to individual selection and can be 
invoked only under certain extreme conditions [97]. 
Sociobiologists compare the behavior of hundreds of species 
in the light of evolutionary principles and hope to shed light 
on some new aspects of behavior that could not be fully un- 
derstood before. Using such methods, sociobiology has pro- 
vided novel explanations for certain genetically fixed beha- 
vior patterns in many animals. The initial insights were 
achieved without attempts to understand the underlying neu- 
robiological mechanisms involved in such behaviors. While 
this has since changed [70], the particular genes involved in 
social behavior remain largely hypothetical. Nevertheless, 
the existence of inherited genetic behavior patterns, such as 
those determining navigation in migratory birds, cannot be 
contested. 

The possible implications of sociobiological theory for hu- 
man behavior have elicited considerable interest. By extend- 
ing their reasoning to the human species sociobiologists are 
attempting to interpret human emotions, human sexuality, 
aggression, and social status by evolutionary principles [98, 
111]. It has been suggested that a human biogram exists, a 
pattern of potentials and constraints built into the species. 
Genes set limits within which cultures can develop. Facial ex- 
pressions conveying various emotions appear very similar 
across all human cultures. Sexuality is considered the device 
of natural selection to ensure pair bondings. Polygyny (mat- 
ing of one male with many females) is claimed to have a phy- 
sical basis by conferring a natural advantage to the species. 
The forms of polygyny - polygamy, mistresses, multiple mar- 
riages, etc. - may vary in different cultures. Wilson [112] pos- 
tulates a physical basis for inherited mythopoetic tendencies 
and therefore limits to “scientific enlightenment” as a basis 
for social cohesion. Sociobiologists feel that many more of 
the recognized human constants are physically rather than 
socially determined. These include male dominance, sexual 
division of labor, prolonged maternal care, and extended so- 
cialization of the young. 

Some ethologists became especially interested in the biologi- 
cal laws influencing individual development during infancy, 
childhood, and youth. Here, the phenomenon of “imprint- 



ing,” discovered by Lorenz in the wild goose as long ago as 
1935 [68] and analyzed later in many other animal species, 
has influenced thinking on cognitive and emotional learning. 
The young gosling invariably follows the animal first seen 
after hatching, even if this is a human being; most often it is 
the mother. In animals there are many other behavior pat- 
terns that can be learned only in a specific phase of indivi- 
dual development, and they must be learned then. It is a mat- 
ter of controversy whether imprinting occurs in humans at 
all, but there can be little doubt that human interaction is re- 
quired, for example, for learning to speak and for social and 
emotional learning [46]. 

Wilson admits that the preprogramming of the human brain 
is much less specific than in other species [112] and therefore 
allows for much more plasticity of human behavior. Never- 
theless, he interprets the evidence of little variation among 
human cultures to indicate that traits such as incest taboos, 
use of body ornaments, and elaborate kinship rules are biolo- 
gically derived. 

Sociobiologists see their field as an antithesis to the environ- 
mentalism of the social sciences, such as social anthropology 
and sociology, which often assume human social and cultural 
life to be entirely culturally determined and constrained only 
by the most rudimentary biological drives. The major sub- 
stantive criticism of sociobiology is its lack of direct evidence 
for the operation of genetic factors influencing most human 
behaviors claimed to be under genetic control. Despite this 
current lack of direct evidence, it appears highly likely that 
certain aspects of human behavior have been programmed 
genetically by natural selection. It is improbable that the hu- 
man species is entirely autonomous in its behavior, and that 
genetic determinants of the central nervous system and their 
influence on social behavior are entirely overridden by cultur- 
al factors (Chap. 15). The human species and its brain are part 
of an evolutionary a continuum. The complete independence 
from biological constraints of traits mediated by the central 
nervous system is therefore unlikely. 

Sociobiology has been vehemently condemned by scientists 
and others who deny that human biology places any relevant 
constraints social processes [98]. These critics see sociobiol- 
ogy as another manifestation of social Darwinism used by 
privileged members of the ruling classes to justify the cur- 
rent status quo of Western societies by “biologizing” the rai- 
son d’etre of fundamentally unjust and sexist behavior. Crit- 
ics of sociobiology are intensely conscious of the misuse of 
past pseudogenetic theories that were used to justify discri- 
mination and social injustice (Chap.i). 

These matters will not be resolved by further polemics nor 
by the kind of evidence likely to be produced by the current 
school of sociobiologists. Genetically oriented experimental 
designs in families that attempt to dissect human behavioral 
patterns into their biological subcomponents and their inter- 
action with the environment are required to determine the 
extent of biological programming of social behavior in the 
human species. 

Most conclusions and concepts of sociobiology have been de- 
rived from comparisons between humans and other species, 
or are based on behavioral similarities between various hu- 
man populations in spite of differences in cultural patterns. 
In contrast to this, classical genetic analysis uses differences 
between individual members of the same populations as ana- 
lytical tools for elucidating basic mechanisms. This difference 
in approach between ethology and genetics should be kept in 



Genetic Mechanisms of Evolution of the Human Species 607 



mind in all discussions on genetic determination and evolu- 
tion of behavior patterns. In this way, misunderstandings in 
discussions between ethologists and geneticists can be avoi- 
ded. 

Similarities and Differences Between Humans and 
Animals: The Problem of Emergence. The preceding 
sections compare humans with other mammals 
such as chimpanzees, gorillas, and even mice. In 
terms of chromosome structure, DNA, and amino 
acid sequences we observe that the overall similari- 
ties are overwhelming - particularly with the great 
apes. Even in some aspects of behavior there are 
striking similarities between humans and animals. 
The decisive difference between our species and all 
others is the superiority of our brain for abstract 
thinking. But when we compare the human brain 
with the brains of animals, we also find similarities; 
the differences are not of a qualitative nature, and 
there is no entirely new component. Rather, there 
are quantitative differences. The human neocortex 
is much larger in relation to other parts of the brain. 
Chimpanzees, if motivated, are able to perform 
amazingly well; they appear capable of symbolic 
thinking and communication, as well as developing 
simple theoretical concepts. They cannot learn to 
speak, however; this limitation is caused by differen- 
ces in the respective brains and to a much lesser ex- 
tent by differences in speech organs such as mouth 
and larynx [52]. 

But these quantitative changes do not explain the 
qualitative differences between humans and even the 
highest animals. Why do humans alone create cul- 
ture? Why can human beings reflect about them- 
selves, their past, present, and future, and the world 
around them? Why do they pursue science, and why 
do we find traces of art even in early periods of hu- 
man history? Only humans know that they have to 
die. This consciousness has been one of the motives 
for the creation of rites for burying or burning the 
dead and for a belief in an afterlife. 

Here a notion may be helpful that certainly does not 
explain human evolution but does show some paral- 
lels with other natural phenomena. This is the con- 
cept of emergence [9, 10]. With increasing complexity 
new properties emerge in a system that cannot be 
predicted from the properties of its parts. Ideally sci- 
ence should attempt to understand a system at its ap- 
propriate level. It would be wrong to carry out a sci- 
entific analysis only at the most elementary levels 
with the argument that a complex system is nothing 
but a set of its component parts. This would be inap- 
propriate reductionism. However, an attempt to con- 
nect various findings with each other makes sense, 
and is often necessary for an understanding of the 
phenomena under study. The accusation of inap- 



propriate reductionism cannot be made against such 
an approach. Chemical reactions, for example, can 
be explained in principle by properties of atoms as 
revealed by physical studies using quantum mechan- 
ics, but these factors do not make chemists abandon 
the concepts and methods of chemistry. Living or- 
ganisms are “nothing but” conglomerates of atoms 
and chemical compounds. Still, biology has its own 
concepts and methods which require more than phy- 
sicochemical approaches. A study of biological and 
genetic mechanisms is best carried out first at the 
molecular (i.e., physicochemical) level, followed by 
variety of methods attempting to understand the in- 
teraction of genes and products with each other and 
with the environment. A full understanding of em- 
bryonic development, gene regulation, morphogen- 
esis, and central nervous system activity ultimately 
is likely to require more than mere description of 
molecular processes. 

The most difficult property of humans to explain is 
the emergence of consciousness. The relationship of 
mind and body (the “mind-body problem”) has long 
been discussed by philosophers. In our opinion, the 
mind is a complex system of neuronal processes 
within the brain. Such a formulation, however, does 
not mean that the mind is “nothing but” a set of neu- 
ronal processes. It is rather an emergent property of 
these processes that are ordered in a specific way to 
produce the various properties of mind, including 
consciousness. 

The difference between humans and animals may be 
understood by the same principle: the structural and 
functional elements of the human body - from genes 
to metabolic processes, and even the organizational 
principles of the brain - are very similar to those 
found in animals. During evolution, however, the hu- 
man central nervous system became progressively 
complex, and this complexity led to the emergence 
of novel properties. Refinement of mental and emo- 
tional processes that evolved in response to everyday 
challenges such as finding food and shelter, feeding 
children, and protecting oneself against hardships 
and natural predators led to a point in evolution at 
which such abilities came to be used for other purpo- 
ses, such as art, religion, and, much later, science. 
Even such uniquely human activities initially served 
practical purposes, such as improved success in hunt- 
ing by witchcraft or gaining the help of gods for over- 
coming dangers in daily life. Humans later became 
concerned with the human condition itself: an emer- 
gent result of increasing complexity of their central 
nervous system. It would be inappropriate to explain 
religious phenomena as “nothing but” results of psy- 
chological or economic conditions. Nevertheless, 
such conditions do contribute to a better understand- 
ing of religion. Just as there appears to be an innate 
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language capacity, we think it likely that the human 
brain may have some built-in mythopoetic tenden- 
cies which under appropriate external conditions led 
to the development of religion. 

The most challenging problem is the marked similar- 
ity between our closest evolutionary relative, the 
chimpanzee, and humans. While there are significant 
morphological differences in external features, there 
are very few differences in DNA and protein sequen- 
ces between these two species. A major problem con- 
fronting human geneticists is to explain the marked 
qualitative difference between human and chimpan- 
zee behavior. Humans have developed spoken lan- 
guage and the entire superstructure of human cul- 
ture together with an ability to consider the past 
and the future. It is considered unlikely that this ma- 
jor difference in central nervous system output is 
based on entirely novel human genes. It is more like- 
ly that a yet undiscovered mechanism in the human 
brain led to some kind of improved use of the output 
of existing neural structures that are very similar in 
the two species - with the result that achievement of 
human culture and consciousness became possible. 
A relatively small change in the brain my have led 
to the emergence of what can be considered a quali- 
tative leap in humans’ use of central nervous activity. 
Thus a small difference at the biological level pre- 
sumably led to a major difference in how these very 
closely related species use their central nervous sys- 
tem. More importantly, an entire novel and qualita- 
tively different culture evolved in humans which is 
unique and is not found in any species elsewhere on 
this planet. 

In conclusion, elements of the “human condition” 
can be found in one or another form in animals, as 
well, primarily, but not exclusively in our closest rela- 
tives, the great apes. From quantitative changes of 
such elements a new specifically human quality has 
emerged. It is unlikely that molecular approaches 
alone will elucidate the unique quality that makes us 
humans. Molecular techniques are eminently suitable 
to resolving many current problems and are likely to 
provide much insight into the nervous system. How- 
ever, we feel that more than molecular biology - pos- 
sibly even an entirely new scientific paradigm - will 
ultimately be required to understand the “achieve- 
ments” of the human central nervous system. 



14.2.6 Investigation 

of Current "Primitive" Populations 

Most approaches to the study of human evolution are 
based on indirect evidence. Conclusions are derived 
from skeletal findings, from chromosomes, proteins, 
and DNA or from comparative observations of differ- 



ent species. A slightly more direct approach exists. 
Despite the worldwide “progress” of modern civiliza- 
tion, a few human populations are still living as hun- 
ters and gatherers, i. e., under conditions differing lit- 
tle from those in which our remote ancestors existed 
during human evolution. In recent years such popu- 
lations have increasingly been studied by human ge- 
neticists and anthropologists for information on the 
environmental forces that have shaped our genetic 
makeup. 

Problems for Which Primitive Populations Could Pro- 
vide Evidence. There are a number of questions for 
which study of primitive populations may suggest an- 
swers [79]: 

a) Size of population groups and isolation: As ex- 
plained in Sect. 13.3, size and isolation of breeding 
populations are the major factors underlying 
chance fluctuations of gene frequencies, forma- 
tion of subgroups such as races, and finally spe- 
ciation. On the other hand, these parameters are 
especially liable to differences in environmental 
conditions. 

b) Population control: There is evidence that the 
overall size of the human populations was fairly 
constant over long periods, and that an equili- 
brium existed between population size and the 
ecological conditions, especially food supply. 
Modern civilization has deeply disturbed this 
equilibrium, making today’s “population explo- 
sion” one of the most dangerous threats to the fu- 
ture of the human species. While study of primi- 
tive populations cannot provide meaningful clues 
for the survival of modern civilization, it is useful 
to observe how primitive populations manage to 
adjust population size to their ecological condi- 
tions. 

c) Natural selection due to differential fertility: As 
explained in Sect. 12.2.1, natural selection implies 
that various genes within the gene pool of a popu- 
lation have different chances of reaching the gene 
pool of the next generation. These chances de- 
pend on the mortality and/or fertility of their 
bearers. Differential mortality cannot be readily 
studied in primitive populations, and observa- 
tions of differential fertility are therefore of spe- 
cial interest. 

d) Disease patterns: Historical evidence has shown 
conclusively that during recent centuries diseases 
- especially those caused by infectious agents - 
have played a major role in mortality during in- 
fancy and childhood. Therefore some infectious 
diseases have presumably played a major role in 
natural selection. This raises the question of whe- 
ther and to what extent genetic selection by resis- 
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tance to infectious disease applies to primitive 
hunters and gatherers as well, 
e) Selection relaxation: Natural selection has un- 
doubtedly relaxed for many traits that were harm- 
ful under primitive conditions. Are there genetic 
differences between primitive and civilized popu- 
lations today that suggest selection relaxation? 

Populations in Which These Problems Have Been Studied. In- 
vestigations on South American Indians living in the jungles 
of Brazil and Venezuela - the Xavantes, Yanomama, and Ma- 
kiritare - have proven informative. At the time of these stu- 
dies - in the 1960s and early 1970s - the tribes were among 
the least acculturated in South America. Still, they departed 
in many ways from the strict hunter-gatherer way of life pre- 
valent during much of human evolution. Unfortunately, the 
remaining true hunter-gatherers are either all greatly distur- 
bed by modern life-styles or are so reduced in numbers and 
withdrawn to inaccessible areas that appropriate study of a 
sufficient number of individuals appears impossible. How- 
ever, the tribes studied are much closer to hunter-gatherers 
than to civilized humans in their general way of life and 
breeding structure. They live in primitive villages that serve 
as bases for their hunting and gathering expeditions. These 
villages are usually abandoned after a number of years. Pri- 
mitive agriculture (manioc, squash, sweet potatoes, cooking 
bananas, and maize) provides a smaller share of the food 
among the Xavantes and a much larger share among the Ya- 
nomama [12]. 

A few of the more important results of these studies are dis- 
cussed below. 

Size of Population Groups and Isolation. The village is 
the most important unit; the population size of a vil- 
lage ranges between about 40-50 and about 150-200 
[12]. There is a strong tendency to marriage within 
the village. If the population becomes too large, social 
rules become increasingly endangered, and part of 
the community, consisting of several families, may 
split off. Such small population size - together with 
the inherent tendency to isolation - obviously favors 
the creation of many subpopulations with different 
gene pools and therefore rapid evolution. 

Population Control The maximum human birth rate 
is much higher than that required for maintenance 
of a constant population size. In civilized human po- 
pulations of past centuries the rule has been a high 
mortality in infancy and youth and during reproduc- 
tive age. The most important causes of death are in- 
fectious diseases, malnutrition, and death of women 
related to pregnancy and delivery. 

Among the primitive Indians these causes of death 
turn out to be less important; the number of children 
per woman is limited, and an effective livebirth rate 
of approximately one child every 4 or 5 years is main- 
tained by a variety of measures, such as intercourse 
taboos, prolonged lactation (the children are usually 



weaned at the age of about 3 years), abortion, and in- 
fanticide. 

Infanticide is practiced especially when a child is 
grossly defective or when several births follow each 
other closely [79]. Female newborns are killed more 
often than males. The health of the surviving children 
seems to be excellent and remains well up to the age 
of about 40. The death rate of the population below 
40 years of age appears to be lower than that of pre- 
sent-day civilized populations of developing coun- 
tries such as India - or, presumably, of the western 
European population of 200 or more years ago. On 
the other hand, individuals over the age of 40 are 
only rarely observed. Their causes of death are not 
evident. Death by warfare, by common intratribal 
man-to-man fights, or by pneumonia are plausible 
factors. Among the younger age groups, however, 
these tribes maintain a health standard lost by our 
not so distant ancestors as a tribute to continuous 
settlement and agriculture and regained - and par- 
tially surpassed - only recently as a result of modern 
hygiene and medicine. 

Natural Selection Due to Differential Fertility. As ex- 
plained in Sect. 14.1, the most important aspect of hu- 
man evolution has been the improvement in innate 
mental capacities. Changes in brain size have pre- 
sumably been accompanied by alteration in structure 
and function of the human brain. Such improvement 
in mental activities requires a reproductive advantage 
in favor of individuals bearing genes for such abil- 
ities. While our knowledge of the genetic basis of 
such behavioral variability is limited (Chap. 15), it is 
reasonable to assume that genes for such capacities 
are found in a higher proportion among individuals 
holding a leading position in the social hierarchy of 
their village since they are able to plan hunting trips, 
provide for food supply, and to settle controversies 
between members of the community. 

Indeed, village headmen have several wifes and dis- 
proportionately more children [80]. The effect of their 
polygamy is all the more striking, as newborn girls 
are much more endangered by infanticide than boys, 
creating in the Yanomama a sex ratio of 128 d/100 9 
for the age group 0-14. Together with the polygamy 
of high-ranking men this can only mean that some 
males are barred absolutely from reproduction. 

Thus in a Xavante group 16 of 37 married men were 
polygamous; 65 of the 89 surviving children came 
from these polygamous marriages. The headman 
had married no fewer than five times - more than 
any other member of the group. These five unions re- 
sulted in 23 surviving children, approximately one- 
fourth of all children of the group [81]. 

If the high reproduction of socially high-ranking 
males has been a general feature of primitive human 
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populations, and if mental ability leading to high so- 
cial rank has at least a partial genetic basis, a plausi- 
ble mechanism for relatively rapid evolution of this 
specifically human characteristic exists. 

Balance hy Disease [79, 82]. The population up to the 
age of 40 was usually in excellent health. At the same 
time, serum gammaglobulin levels were about twice 
as high as in civilized populations. Hence newborns 
are expected to have a high level of transplacentally 
acquired antibodies. To quote Neel: 

From the first months of their lifes, these infants are in an in- 
timate contact with their environment that would horrify a 
modern mother - or physician. They nurse at sticky breasts, 
at which the young mammalian pets of the village have also 
suckled, and soon are crawling on the feces-contaminated 
soil and chewing on an unbelievable variety of objects. Our 
thesis is that the high level of maternally derived antibody, 
early exposure to pathogens, the prolonged period of lacta- 
tion and the generally excellent nutritional status of the child 
make it possible for him to achieve a relatively smooth tran- 
sition from passive to active immunity to many of the agents 
of disease to which he is exposed. 

On the other hand, an epidemic from outside may have cata- 
strophic consequences - not so much because the individuals 
cannot overcome it but because village life comes to a stand- 
still, when almost everyone is sick, as was observed when a 
measles epidemic was introduced to a Yanomama commu- 
nity. 

To mention only one example from history: during 
the century after the European discovery of America 
(1492) the indigenous population of Mexico was re- 
duced from about 20 million to around 1.6 million 
[25], presumably by newly introduced infectious dis- 
eases such as smallpox. 

Can These Observations on a Few Indian Tribes Be 
Generalized? The numerous more or less “primitive” 
populations which are the main objects of ethnological 
research show an enormous range of variation in most 
aspects of social life and culture. Unfortunately, stu- 
dies on the medical genetics and even simpler demo- 
graphy of such populations are much scantier. The rea- 
son can probably be found in the sociology of science: 
most ethnologists and social anthropologists engaged 
in field work with such populations are usually trained 
in linguistics, sociology, and other social sciences and 
are not oriented toward biology and medicine. 

In view of the scanty information it may be argued 
that some of the biological features cited above are 
specific for the populations examined, and that extra- 
polations to our primitive ancestors are unwarranted. 
Interdisciplinary research on the few remaining pri- 
mitive populations of the world is sorely needed to 
determine which aspects of their biology are unique 
to certain cultures and natural environments, and 



which can be generalized. Such interdisciplinary re- 
search is all the more urgent since primitive popula- 
tions are now rapidly disappearing as a consequence 
of improved transportation and an increasing open- 
ing-up of remote areas. The studies on South Ameri- 
can Indians cited above are paradigmatic for this in- 
terdisciplinary approach. 

Relaxation of Selection. We would expect compari- 
sons between primitive and civilized populations to 
give some evidence for the loss or reduction of adap- 
tive traits in the latter as compared to the former. In- 
deed, some changes have been suggested based on 
scattered evidence. For example, color vision defects 
appear to be more common in populations with a 
long history of agriculture than in hunter- gatherer 
populations; for visual and hearing acuity and some 
other traits, similar differences have been proposed 
[89], but the actual evidence particularly for color vi- 
sion which we understand well on a molecular level 
(Sect. 15.2.1.5) is not impressive. Carefully designed 
studies are urgently needed. 

14.3 Genetics of Group Differences 
Within the Human Species 

14.3.1 Races 

Race Classification. All humans living at present be- 
long to one species: all observed matings between hu- 
mans of quite different populations have been shown 
to have fertile offspring. It is impossible to state with 
certainty whether any of the ancient human types, 
such as Neandertal man, were members of the species 
Homo sapiens. 

The species Homo sapiens is divided into populations 
commonly called races. A race is a large population of 
individuals who have a significant proportion of their 
genes in common and can be distinguished from other 
races by their common gene pool. In earlier times 
members of a race often lived together under similar 
sociocultural conditions. The connotation of “race” 
as a broad population group merges without sharp 
limits into that of smaller units such as “demes.” 
Race classification and race history were one of the 
major fields of research in classic anthropology in 
the nineteenth and especially the early twentieth cen- 
tury. The classifications were based on visual impres- 
sion and on statistical distributions of measurable 
traits. With the development of human genetics in re- 
cent decades such categorizations have been supple- 
mented by evidence based on frequencies of genetic 
polymorphisms. Classifications by various authors 
differ somewhat in detail [49]; subdivision into the 
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three main races, Negroids, Mongoloids, and Cauca- 
soids, is accepted by practically all observers. Two 
smaller groups, the Khoisanids or Capoids (the San- 
speaking aborigines of Southern Africa) and Austra- 
loids (Australian aborigines and Negritos) are often 
added. 

Genetic Differences Between Races. The definition of 
race used here is a genetic one, and it would be desir- 
able to base racial classification on genetically well- 
defined characteristics that have been analyzed at 
the gene level. Several groups of such characters can 
be distinguished. 

Many genes are common to all human beings, possi- 
bly with small differences in gene frequencies. For ex- 
ample, everyone has the genes that determine the en- 
zymes needed for various basic metabolic processes. 
Exceptional individuals with rare mutations affecting 
these genes suffer from inborn errors of metabolism. 
Many of these genes are more or less identical in hu- 
mans and other living beings. 

Other genetically determined characteristics are the 
common heritage of all or almost all members of a 
single race and are lacking in those of other races. 
The number of such characteristics seems to be fairly 
small; genetically they are not well defined. An exam- 
ple is the eyelid fold of Mongoloids. 

Another group of genetic characters occurs - apart 
from a few exceptions - in only one of the three 



main races but is absent from the other two. This 
group comprises a number of well defined genetic 
polymorphisms (Table 14.4). One example is the Die- 
go blood type [61-63]. This was discovered in 1953 
in Venezuela in four generations of a family and was 
absent from most whites. Investigations of American 
Indian populations show phenotype frequencies of 
type Di^ between 0.025 and 0.48. White and black po- 
pulations do not show this allele at all; those of Mon- 
goloid extraction such as Japanese and Chinese, on 
the other hand, often have it, albeit with a lower aver- 
age frequency than South American Indians. This 
finding is consistent with the assertion of classical 
anthropology that American Indians are part of the 
main Mongoloid race. 

Yet another class of genetic characteristics is more 
frequent in some populations than in others. It com- 
prises genetic characteristics and alleles that are ob- 
served in all human races but with different frequen- 
cies. Examples are alleles in most genetic polymorph- 
isms and genes determining continuously varying 
characteristics, such as stature, body proportions, 
and physiological functions. Genetic polymorphisms 
are used increasingly for the genetic characterization 
of different populations [77]. Tracing anthropological 
affinities and the possible role of selection in deter- 
mining some gene frequencies has become possible. 
The overall results clearly show overlaps in gene fre- 
quencies between populations and illustrate the diffi- 



Table 14.4. Genetic differences between main racial groups in some expressed genetic polymorphisms (data from Morton et al. 

1967 [77]) 



System 


Gene 


Approximate range of gene frequencies: 








Negroids 


Mongoloids 


Caucasoids 


Blood groups 


Diego 


DfA 


~0 


-0-0.5 


0 


Duffy 


Fy 


«0.98-L00 


-0 


-0 


Kell (Sutter) 


JsA' 


-0.02-0.20 


*0 


-0 


Serum proteins and 
blood isoenzymes 


Ceruloplasmin 


CP'A 


-0.04-0.10 




-0.01 


Group -specific 


GC'CHIP 


-0 


Cippewa Indians --0.10 


0 


component 


GCAB 


~0 


Australians, New Guineans 
-0.02-0.2 


0 


IGHG (Gm) 


IGHG haplo- 
types 


6,i7;U5J4J7 


1,17,21;1,2,17,21; 

U3,!7;h3,5,l3J4 


l,17,2L;l,2d7,2i;J,5,JJ,N 


Peptidase A 


PEP'E2 


-0.07-0.1 


-0.003-0.04 


0 


PGM2 


PGM2 

(Atkinson) 




0 


0 



Italicized haplotypes are specific for these racial groups. 
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Fig. 14.14. The Eurasian continent about 100 000 years ago. 
Three habitats are almost completely separated from each 



other by the Himalayan and Altai Mountains together with 
their glacier areas. (From von Eickstedt 1934 [104]) 



culties of fixed racial classifications. While differen- 
ces, for instance, between a Swedish and Korean po- 
pulation are very clear-cut using all markers, no 
such differences are often found between neighboring 
populations. Differences between members within 
each racial group often exceed those between each of 
the principal races (Mongoloid, blacks, and whites). 
Microscopically visible chromosomal heteromorph- 
isms (Sect.2.1.2.3) also show racial differences [90]. 

How Did the Genetic Race Differences Evolve? The 
main factor in evolution of phenotypes - and in the 
formation of races specifically - appears to be natural 
selection in adaptation to different environmental 
conditions. For selection to be effective in producing 
genetic differences, such as those existing between 
the main races, considerable reproductive isolation 
between populations is required. Is there a period in 
early history during which the human species was 
subdivided into three more or less isolated popula- 
tions? 

During the most recent glacial period about 
100 000 years ago much of the earth’s expanse was 
covered by ice (Fig. 14.14). The Himalaya and Altai 
Mountains together with their glacier areas separated 
the Eurasian continent into three areas, providing the 
conditions for separate evolution of whites in the 
west, Mongoloids in the east, and blacks in the south. 
Wherever the present living areas of the three main 



races do not conform with the areas in which they 
evolved, migrations can explain the discrepancies 

[105]. 

Genetic Differences That Can Be Explained by Specific 
Selective Mechanisms: Skin Pigmentation and Ultra- 
violet Light. The most conspicuous difference be- 
tween the main races is the difference in skin pig- 
mentation. Most nonhuman primates today are dark- 
ly pigmented, and it is reasonable to assume that in 
ancient human populations dark pigmentation was 
also prominent, particularly since the earliest humans 
most likely lived in Africa. Why then are whites and 
Mongoloids so lightly pigmented? 

According to a plausible hypothesis, there has been 
an adaptation to low ultraviolet (UV) irradiation in 
the habitats of these two races. UV light is necessary 
for conversion of provitamin D to vitamin D in the 
human skin. Vitamin D is needed for calcification of 
bones, and its deficiency leads to rickets. One of the 
most dangerous features of rickets is pelvic deforma- 
tion, which impairs normal childbirth and under pri- 
mitive living conditions often leads to the death of 
mother and child. This effect obviously makes for 
strong selection pressures. Figure 14.15 shows the de- 
gree of skin pigmentation and intensity of UV light 
irradiation in various areas of the world [106]. 

The hypothesis implies that UV radiation can penetrate more 
easily into lightly pigmented skin and therefore that identical 
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Fig. 14.15. Intensity of ultraviolet light 
and average skin pigmentation in 
various areas and indigenous popu- 
lations of the world. Numbers, mean 
intensities of global solar irradiation 
on a horizontal plane at the surface of 
the Earth (mW cm~^ averaged over 
24 h, for the whole year). (Adapted 
from Walter 1970 [106]; Mourant 1976 
[76]) 
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Fig. 14.16. Formation of vitamin D (pg/cm^ skin, ordinate) in 
skin samples of saddle pigs after irradiation with UV light 
(S 300; 50 cm distance); abscissa, time of irradiation. After ir- 
radiation up to 90 min, vitamin D formation is lower in pig- 



mented than in unpigmented skin. Synthesis in pigmented 
skin is greatly delayed and higher than in unpigmented skin 
only after 180 min. Brackets, standard deviations of the 
means. (From Bekemeier 1969 [4]) 



UV doses lead to more vitamin D formation in lightly pig- 
mented skin. Experiments with skin specimens from saddle 
pigs have proven informative. These animals are darkly pig- 
mented in the middle of their bodies, while the cranial and 
caudal regions show little if any pigmentation. Vitamin D for- 
mation after UV irradiation in vitro is higher in unpigmented 
than in pigmented skin of the same animals [4] (Fig. 14.16). 
Two human populations are apparent exceptions to the geo- 
graphic correlation with skin pigmentation: Eskimos and 



African Pygmies. Both, especially the latter, are darkly pig- 
mented despite the fact that UV irradiation in arctic regions 
and on the ground in tropical rain forests is scanty. Eskimos 
seem to obtain abundant vitamin D from fish and seal liver, 
the pygmies possibly from the insect larvae that form part 
of their nutrition [32]. 

Frequency of the Fy~ Allele in Blacks, The Fy" allele of 
the Duffy blood group system is frequent among 
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blacks but is very rare or does not occur at all in 
Mongoloids and whites. Blacks with this allele have a 
complete resistance to the infective agent of tertiary 
malaria, Plasmodium vivax [74]. Tertiary malaria 
alone is hardly if ever fatal, and a selective advantage 
is therefore not immediately obvious. However, under 
primitive living conditions and in a population ex- 
posed to multiple infective agents and parasites, ma- 
laria infection can be a severe health hazard in- 
deed. 

The discovery that the Duffy blood group is involved 
in receptor activity for P. vivax is of great paradig- 
matic importance because it illustrates the biological 
significance of a previously discovered red cell poly- 
morphism whose function was unknown, as is the 
case with most polymorphisms. Since practically all 
Africans are Duffy negative, this example also de- 
monstrates how an allele that is usually observed in 
polymorphic frequencies spreads throughout the en- 
tire population because of its selective advantage. 

An alternate hypothesis has recently been elaborated 
[67]. It has been suggested that the preexisting high 
frequencies of the Duffy- negative allele prevents 
vivax malaria from becoming endemic in western 
Africa. 

Lactose Restriction and Persistence [34, 35]. Lactose is 
the only nutritionally important carbohydrate in milk 
(Fig. 14.17). To be absorbed by the small intestine lac- 
tose must first be hydrolyzed by a specific enzyme, 
lactase, which is located in the brush border of the in- 
testinal epithelial cells. The milk of almost all mam- 
mals contains lactose; lactase activity is high during 
the newborn and suckling period in all mammalian 
species and in all human populations, but declines at 
the time of weaning. Afterward lactase activities are 
maintained at low levels, usually at less than 10% of 
the activity in the newborn. 

Until a few years ago humans were thought to repre- 
sent an exception: they “normally” seemed to main- 
tain their lactase activity into adult age. Such persons 
with lactase persistence can tolerate large amounts of 
lactose; after a lactose load they show a considerable 
rise in blood concentration of glucose and galactose, 
the sugars that constitute lactose. 

Lactose Restriction and Malabsorption [35]. In persons with 
low lactase activity there is little or no increase in blood glu- 
cose after milk ingestion. Many develop clinical symptoms of 
intolerance after consuming 25-50 g lactose (1 1 cow’s milk 
contains up to 50 g lactose). These symptoms are watery, 
acid diarrhea, colicky abdominal pain, and flatulence. Smal- 
ler amounts of milk and milk products from which some lac- 
tose has been removed by fermentation, such as yoghurt or 
whey, are tolerated without untoward effects. Comparative 
studies of lactose tolerance in American blacks and whites 
showed that lactose intolerance due to lactose malabsorption 





Fig. 14.17. The disaccharide lactose 



is much more frequent in blacks [2]. Since that time, studies 
from many populations have become available [35] 
(Fig. 14.18). The most reliable method for determining wheth- 
er intestinal lactase is present is enzyme measurement in in- 
testinal biopsies. Such a method is not suitable for popula- 
tion or family studies. Therefore standard lactose tolerance 
tests have been designed that measure the rise in blood glu- 
cose or in the exhaled air after ingesting of a standard 
oral dose of lactose. Family investigations have shown lactase 
restriction (a better term than lactose intolerance) to be in- 
herited as an autosomal-recessive trait [92]. The lactase 
gene, alleles of which apparently cause the L. persistence and 
L. restriction phenotypes, has been localized on chromo- 
some 2; alleles have been named LAC^P and LAC^R (223 
100). The allele for persistence (LAC^P) is dominant over 
the restriction allele (LAC^R), but not all homozygotes for 
LAC^R suffer from clinical signs of lactose malabsorption; 
the level of daily milk intake leading to such symptoms de- 
pends on many factors, among others, on dietary habits. 
There may be multiple alleles causing the LAC*C variant: in 
Finland the switch from high to low enzyme activity occurs 
in the second decade of life [92], whereas in other popula- 
tions it takes place as early as after the age of three years. 
When lactase restriction leading to lactase malabsorption 
was first discovered, some observers believed it to be caused 
by a lack of enzyme induction due to low lactose intake. 
However, this hypothesis was ruled out experimentally. How- 
ever, not all patients suffering from lactose malabsorption are 
homozygotes of the LAC^R gene; some intestinal diseases 
may have the same effect [35]. So far it is not known whether 
the lactase formed by malabsorbers differs in its protein 
structure from that formed by absorbers. The switch-over 
from high to low lactase activity at the time of weaning in 
malabsorbers is somewhat similar to that from hemoglobin 
y-chain to ^ 5 -chain production and, hence, from HbF to 
HbA formation in hemoglobin synthesis; persistence of lac- 
tase activity is a similar trait to the persistence of fetal hemo- 
globin (Sect. 7.3). 

Persistence of lactase activity in older children and 
adults or lactose tolerance is very rare or absent 
among most Mongoloid populations, including 
American Indians and Eskimos. A similarly low inci- 
dence of lactose tolerance is observed in most Arab 
and Jewish populations and in the populations of tro- 
pical Africa, Australian aborigines, and Melanesians. 
A consistently high prevalence of persistent lactase 
activity (over 75%) is found only among persons 
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Fig. 14.18. Frequency of Lactose re- 
strictional malabsorption vs. Lactase 
persistence in populations of the 
world. Vertical hatching, nonmilking 
populations with frequencies of lactase 
restriction of >90 %; horizontal hatch- 
ing, milk-using populations with vari- 
able distribution of the lactase pheno- 
types (frequency of lactase restriction, 
30%-90%); cross hatching, predomi- 
nance of the lactase resistance gene in 
Afroarabian nomads; solid areas, pre- 
dominance of the lactase persistence 
gene in Central and Northwestern 
Europe. Question marks indicate the 
dearth of data in Eastern Europe and 
in Asian nomadic groups (Flatz [35]) 




from northern and central Europe and in their des- 
cendants in other continents. In addition, high fre- 
quencies of lactose tolerance have been reported in a 
few groups of nomadic pastoralists in Africa. Inter- 
mediate frequencies (30%-90%) have been observed 
in Spain, Italy, and Greece. Southern Asia shows a 
high variability; here the trait may have been intro- 
duced by migration. The African-American popula- 
tion shows somewhat higher values than African 
blacks. 

What Is Normal? What Is Abnormal? In conclusion, 
most human populations show a decrease in lactase 
activity after weaning; this is the common pattern in 
two of the three major races; a high prevalance of 
persistent activity is found only in whites, and even 
here not in all populations. Therefore the loss of this 
unique activity following weaning together with its 
consequence, lactose malabsorption, is the “normal” 
condition in humans as it is in other mammals. 

It is an interesting cultural phenomenon that scien- 
tists considered persistence of lactase activity to be 
normal since this trait was most common in popula- 
tions of northern European origin where this work 
was carried out. This conceptual bias even had eco- 
nomic consequences. In an effort to improve the pro- 
tein intake of children in African and Asian coun- 
tries, powdered milk was distributed in large 
amounts on the not unreasonable hypothesis that 
what is good for European children must also be 
good for children in developing countries. These pro- 
grams had to be reconsidered in the light of our 



knowledge of population distributions. However, 
moderate amounts of milk and of milk products are 
tolerated; suitably organized milk and dairy pro- 
grams may therefore still be useful. 

Natural Selection. The predominance of lactose mal- 
absorption in adults of most human populations to- 
gether with its regular occurrence in other mammals 
suggests that the gene responsible for persistence of 
lactase activity occurred by mutation sometime in 
human evolution, and that a selective advantage has 
caused the high frequencies in some populations. 
What is the nature of this advantage? Two main hy- 
potheses have been proposed: 

1. A culture historical hypothesis 

2. A hypothesis that advocates improved calcium ab- 
sorption by lactose. 

According to the cultural hypothesis, domestication 
of milk animals in the Neolithic Period (about 
9000 years ago) resulted in a selective advantage of 
individuals who could satisfy a higher proportion of 
their nutritional requirements, mainly protein, by 
milk consumption. In the cattle-breeding tribes dis- 
cussed above this hypothesis could apply. Its general 
validity, however, is not certain. For example, there 
is no parallel between the milking habit and the pre- 
valence of lactose absorption. Large populations in 
Africa and Asia are milk consumers but have a very 
low incidence of lactose absorption. Nevertheless, 
there are always some individual absorbers; hence 
the gene is present and could have been favored by 
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selection. The highest gene frequency of the gene in 
Europe is found in southern Scandinavia (0.7-0.75), 
where breeding of milking animals was introduced 
more recently because of unfavorable conditions in 
the postglacial period. Moreover, at a time when arti- 
ficial refrigeration of milk or production of dried 
milk had not been invented, milk soured within a 
short time, and malabsorbers probably discovered 
easily that sour milk causes fewer digestive symp- 
toms. A specific advantage of milk under the environ- 
mental conditions of northern Europe is therefore an 
alternative worth considering. 

In connection with the selective advantage of lightly 
pigmented skin, vitamin D deficiency in northern 
areas due to diminished UV irradiation and severe 
selective disadvantage of rickets by pelvic deforma- 
tion of childbearing women has also been mentioned. 
It has been suggested that lactose can replace vita- 
min D by improving the uptake of calcium. Late rick- 
ets and osteomalacia occur at an age at which lactose 
malabsorption has already developed. The crucial 
problem of this hypothesis is the mechanism of a 
possible protective effect of high lactose absorption 
against rickets. Is there specific enhancement of cal- 
cium absorption with hydrolysis of lactose? Animal 
experiments can give only ambiguous results since 
adult animals are lactose malabsorbers. However, stu- 
dies in human subjects have shown that calcium ab- 
sorption is indeed enhanced by lactose absorption 
[16]. 

Regardless of the ultimate fate of the calcium hypo- 
thesis, the problem as posed is the type of heuristic 
hypothesis needed in human population genetics. 
The hypothesis is specific, provides a mechanism by 
which selection can work, and suggests experiments 
by which it can be tested. 

There is preliminary evidence for an association of 
lactase restriction with osteoporosis of elderly wo- 
men. Other disease associations have also been 
claimed with lactase persistence, such as higher inci- 
dence of coronary heart disease, hyperlipidemia, and 
senile cataracts; however, definite proof is lacking 
[35]. Genetic variation at the lactase locus is also an 
excellect example of ecogenetics (Sect. 7.5.2). 

Vitamin D and GC Serum Groups. A genetic poly- 
morphism of an immunologically defined fraction of 
a human j 3 ^ serum protein has been known since 
1959 [47]. Many alleles are known, but most popula- 
tions are polymorphic for only two of them, GC^ and 
GC^; Australian aborigines have a third allele, GC^^®, 
and the Chippewa Indians have a fourth, GC^^'p. 
When the first data on gene frequencies became 
available, the allele GC^ turned out to have low fre- 
quencies in areas of high aridity. This finding was ex- 
plained when the function of the GC proteins was 



discovered, as they are carrier proteins of vitamin D 
[21]. 

A subsequent survey suggested a relationship be- 
tween sunshine and the GC polymorphism; in the 
aboriginal habitats of the world population high fre- 
quencies of GC^ were found in most populations that 
had been living for a long time in areas with low sun- 
light intensity [76]. 

This geographic distribution suggests a selective ad- 
vantage due to a more efficient transport of vita- 
min D, especially if the supply is limited, and there- 
fore a lower incidence of rickets in individuals either 
heterozygous or homozygous for the GC^ allele. The 
exact mechanism remains to be elucidated. 

Possible Selective Mechanisms for Other Racial Characteris- 
tics. Apart from the examples mentioned above and those in 
the section on population genetics, little is known about se- 
lective advantages or disadvantages of racial characters. It is 
reasonable to assume that the small and heavyset stature of 
Eskimos and their relatively thick subcutaneous fat has ad- 
vantages in a cold climate and the broad and deep thorax of 
South American Indians living in the high Andes relates to 
respiratory adaptation to life at high altitudes. 

Members of the different racial groups show differences in 
susceptibility to common diseases under the living condi- 
tions of the United States and northwestern Europe and other 
affluent countries. African-American, for example, are more 
susceptible to high blood pressure than whites. It has been 
suggested that genes facilitating sodium absorption may be 
present at higher frequencies among populations such as 
African-Americans whose ancestors were exposed to the se- 
lective conditions of hot climates with profuse sweating. The 
presence of such genes under modern conditions of high 
salt intake would lead to the high frequency of hypertension 
known in this population group. Some groups of Asian In- 
dians, for example, in Trinidad, were shown to have higher 
frequencies of diabetes mellitus than other population 
groups. Better understanding of such racial differences will 
undoubtedly be forthcoming as soon as medical investigators 
with intimate knowledge of disease pathophysiology and bio- 
chemistry become interested in such studies. 

Hypotheses such as the “thrifty genotype” concept [78] and 
the rapid mobilization of lipids have been intertwined to ex- 
plain diabetes and atherosclerosis. It is thought that under 
conditions of starvation the diabetic genotype allows more 
efficient mobilization of carbohydrates, while atherosclero- 
sis-favoring genes have been explained as permitting more 
rapid mobilization of fat. This hypothesis is supported by 
evidence from both humans and animals. For example, 
type II diabetes (as well as obesity) is very common (and in- 
creasing with westernization) among Pima Indians and inha- 
bitants of Pacific islands; mice heterozygous for a diabetes - 
obesity gene survive fasting much better than normal mice 

[17, 91]. 

Such selective mechanisms acting in the past when starva- 
tion was common over many generations have also been 
suggested to explain the high frequency of atherosclerosis 
(Sects. 6.4.2.2; 7.6.4) in current times. With increasing knowl- 
edge of genetics and pathophysiology it will become possible 
so suggest - and test - more specific hypotheses. 
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14.3.2 Future of Human Races: Racial-Crossing 

Will Races Disappear? The one important condition 
for the formation of races was isolation. Within their 
old habitats in Asia, Africa, and Europe this isolation 
still largely exists. In more recently settled areas such 
as North and South America huge “melting pots” 
have formed that comprise elements of all three race 
groups. In spite of social customs, which keep inter- 
marriage at a low level, there is little doubt that race 
mixture will increase, leading sooner or later to a hy- 
brid population. 

How long the main races will be considered as sepa- 
rate depends on political developments and cannot 
be predicted. It is possible that race-specific differen- 
ces will disappear in the long run by interbreeding. 

Interracial Crosses in Hawaii [75]. What are the ge- 
netic consequences of racial mixture? At a time 
when biologists did not think in terms of variabilities 
within populations but rather of human variability in 
terms of racial “types,” racial mixture was often re- 
garded as disruptive and leading to disharmonious 
phenotypes. It was agreed that by long selection cer- 
tain combinations of genes were “coadapted”. If 
such coadaptation were broken up by race mixture, 
disharmonious phenotypes would result. It therefore 
came as a surprise that hybrid populations, such as 
those between Nama (Hottentots) and whites in 
southwestern Africa, turned out to be fully viable 
and quite normal in health [31]. Beyond this state- 
ment, however, the numerous older studies could 
not answer the question of possible genetic effects in 
interracial crosses. Another consideration predicted 
beneficial effects of racial crossing. Since “hybrid 
vigor” had been shown in lower forms of life, it was 
suggested that racial hybrids might be particularly 
healthy. 

Some answers came from a carefully planned study 
in Hawaii [75]. The population of Hawaii is composed 
mainly of Hawaiian (Polynesian), white, Chinese, and 
Japanese elements, with smaller additions of Kor- 
eans, Filippinos, Puerto Ricans, and others. Pop- 
ulation statistics and medical facilities are reliable, 
and the environmental conditions under which the 
various racial groups live differ little and in any 
case overlap strongly. Intermarriage between racial 
groups is rather common. The trend toward inter- 
marriage is relatively recent so that the results in the 
generation following the initial hybridization can be 
observed. 

Scope of the Study and Data. The scope of the study was de- 
fined as follows: 

a) What are the genetic effects of out-crossing in humans on 
the first generation of hybrids? 



b) Do human populations represent coadapted genetic com- 
binations that are disrupted after the first generation of 
out-crossing? 

The major part of the data consisted of 172 448 live-birth cer- 
tificates and 6879 still-birth certificates for all births regis- 
tered between 1948 and 1958. These data include entries on 
the racial affiliation of the parents. This affiliation does not 
mean that the parents were members of “pure races”; they 
contained varying admixtures from other racial groups that 
were estimated using data from genetic polymorphisms. The 
population of parents was 62.7% Pacific (Hawaiian and Mon- 
goloid); the rest were mainly white. Additional information 
came from records on maternal stature and weight in one 
clinic. 

The analysis was based on a stepwise regression considering 
environmental factors such as socioeconomic differences 
and medical care. Such an analysis can examine the question 
of how differences between certain categories can be ex- 
plained by concomitant variables, and how much must be at- 
tributed to interracial cross can be examined. 

Results and Interpretation. The main result of this 
study can be summarized very briefly. There were no 
obvious ill effects of outbreeding either on early or 
late fetal deaths or on postnatal infant deaths. Birth 
weight and maternal weight and stature were not sig- 
nificantly related to maternal hybridity. A maternal 
effect on birth complications might be expected 
when the mothers were Japanese or Chinese and the 
fathers whites because Japanese and Chinese women 
are smaller, but no such effect was found. As noted 
in Sect. 6.3.3, the rate of dizygotic twinning is much 
lower in Mongoloids than in whites and is probably 
caused by a difference in frequency of polyovulation, 
i. e., by a maternal factor. This conclusion was corro- 
borated by study of interracial crosses; the DZ twin- 
ning rate depended only on the race of the mother, ir- 
respective of the father’s race and the hybridity of the 
children. Mothers who were hybrids between whites 
and Pacific races had a low dizygotic twin frequency, 
closely resembling that of Pacific mothers. If the ge- 
netic disposition to polyovulation were a threshold 
character determined by additive gene action, one 
would expect these women to show an intermediate 
DZ frequency. As it stands, the result suggests the 
participation of recessive genes in polyovulation. 
The data on congenital malformation were not quite 
as reliable as the mortality data. Taken at face value, 
there was no difference in the overall incidence of 
major malformations between racial groups, but fre- 
quencies of certain categories of malformations var- 
ied between these groups. Spina bifida, for example, 
was more frequent in the Japanese of Hawaii than in 
those on the Japanese mainland but still remained 
significantly less frequent than in whites. Both genet- 
ic and environmental factors may be important. The 
occurrence of severe clubfoot appeared to be high in 
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Hawaiians and low in other Pacific groups. The inci- 
dence of congenital malformations was not influ- 
enced by outbreeding. 

If anything, there was a small, nonsignificant overall 
advantage of hybrid children which may be due to a 
lower risk of recessive detrimental genes to become 
homozygous. 

Questions Not Answered by the Hawaii Study. - The 
two questions posed by the Hawaii study can be an- 
swered as follows: 

1. The genetic effects of out-crossing in humans on 
first generation hybrids do not lead to any ill ef- 
fects, manifested by perinatal and infant death or 
major congenital malformations as assessed by vi- 
tal statistics. 

2. There is no evidence for coadapted genetic combi- 
nations that are disrupted after the first generation 
of out-crossing when newborns are assessed indi- 
rectly by scrutiny of birth and death certificates. 

These conclusions, however, do not answer all possi- 
ble questions. On the basis of inadequate evidence 
the older anthropological literature claimed dishar- 
monic combinations between jaws and teeth, an as- 
sertion that was severely criticized. Racial crossing 
in rabbits between races of extreme size showed no 
such disharmonies [99]. Some of the older authors 
specifically attributed emotional difficulties of race 
hybrids to such disharmonic gene combinations; 
such speculations were usually based on a biological- 
ly incorrect understanding of race, where races were 
considered as specific types rather than as population 
groups with varying gene frequencies. The role of the 
environment was generally neglected. 

There is no evidence to suggest that racial mixture 
has any deleterious genetic consequences. Less 
homozygosity with beneficial consequences for the 
incidence of many recessive diseases is certain. 
Whether hybrid vigor and greater physical and men- 
tal health are results cannot be answered with cer- 
tainty. A scientific assessment of the possible genetic 
effects of racial crossing would require additional 
studies of physical and mental health of hybrids com- 
pared to their ancestral populations under carefully 
controlled environmental conditions. 



Conclusions 

The human species evolved from nonhuman primate 
populations, most likely in Africa. The most impor- 
tant step in this process was the development of a 
complex brain. Among present-day animals our clo- 
sest relatives are the great apes, especially chimpan- 
zees, as seen from similarities in DNA and chromo- 



some structure. The “classical” view portrays natural 
selection as the principal driving force of evolution, 
but the “neutral hypothesis” (Kimura) stresses the 
significance of random processes. It is likely that 
both selection and random drift have interacted in 
shaping the genetic make-up of present human popu- 
lations. The human species is divided into subpopu- 
lations, often called races, but genetic variation with- 
in races tends to be greater than that between races. 
Race crossing which is now observed at an increasing 
rate may be advantageous for the health of future 
generations. 
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My father gave my stature tall 
And rule of life decorous; 

Mother my nature genial 
And joy in making stories; 

Full well my grandsire loved the fairy 
A tendency that lingers; 



My grandam gold and gems so rare, 
An itch still in the fingers. 

If no part from this complex all 
Can now be separated, 

What can you name original 
That is in me created? 



}. W.v. Goethe, Zahme Xenien (Translation: H. and O.Bosanquet, Zoar, Oxford, 1920) 



Scope and Conceptual Difficulties of Human Behavior 
Genetics. A survey of the genetic aspects of evolution 
shows great similarity between human beings and 
higher nonhuman primates in terms of chromo- 
somes, DNA, proteins, and many genetically deter- 
mined characteristics. The human species differs sub- 
stantially in only one characteristic: language and ab- 
stract thinking. No other species can look into the 
past nor into the future! Analysis of the essential dif- 
ferences between humans and other species must 
therefore be directed to the brain - the organ of 
thought and language. These characteristics have en- 
abled our species to supplement biological evolution 
with “cultural evolution,” with all its consequences 
for building human civilizations and altering life- 
styles (Table 14.1). The uniqueness of the human 
brain that allowed these developments is part of our 
genetic heritage. Experiments have attempted to sub- 
ject nonhuman primates to childrearing practices si- 
milar to those for human children and even in a con- 
text in which they are raised together with human 
children. In every such experiment the animals - 
chimpanzees, our closest relatives - fail to develop 
spoken language. Although the cognitive functions 
of chimpanzees have been found to be more ad- 
vanced than previously assumed, even these animals 
never reach the level of conceptualizing that older 
children do. 

On the other hand, development of typically human 
behavior in children requires interaction with other 
humans and with the environment at large, including 
sensory stimuli and opportunities for motor beha- 
vior. Sensory and motor deprivations - especially if 
occurring at critical periods in childhood - lead to 
deficiencies that may be detectable even by changes 
in the histology of nerve cells and their interconnec- 
tions. Human genetics is concerned principally with 
the analysis of genetic mechanisms leading to phe- 
notypic differences between members of our species. 
The fact that behavioral characteristics can develop 
only in intimate and continuous interaction with 
the environment makes genetic analysis conceptually 
very difficult. Fingers, for example, are formed dur- 
ing a brief period of embryonic development. The 
trait of brachydactyly or short fingers persists all 



through later life regardless of environmental chan- 
ges. The usual dominant mode of inheritance of 
this condition can easily be traced over many gen- 
erations (Sect. 4.1.2). Most severe enzyme deficien- 
cies also lead to an abnormal phenotype under all 
conditions, but specific manipulation of the environ- 
ment may help to alleviate the symptoms. We are 
learning now that many simple genetic traits require 
certain environmental factors for their phenotypic 
expression such as in pharmacogenetics (see 
Sect. 7.5.1). Most behavioral characteristics, on the 
other hand - with the exception of severe mental re- 
tardation - need to be considered in the context of a 
certain environment. From birth on, the individual is 
not only shaped and modified by the environment - 
he or she in turn actively manipulates the environ- 
ment and creates a complex interaction of many 
components. Analysis of genetic variability in beha- 
vior between individuals is difficult since the genetic 
aspect is only one of many parts in this complicated 
system. 

Practical Difficulties and Possible Resolution. In addi- 
tion to these conceptual problems, there are also 
practical obstacles that impede scientific progress in 
the field. Studies of genetic variability usually require 
examination of sizable groups of individuals. Such 
examinations are feasible if the tissue to be studied 
can be readily obtained, such as blood or even a 
skin biopsy. This is the main reason why genetic 
variability of erythrocyte enzymes (Sect.7.2.2.2) and 
hemoglobin variants is so well understood (Sect. 7.3). 
Investigations of human brain function, on the other 
hand, must use more indirect methods since human 
brain is rarely available except from autopsies. This 
limitation can in part be overcome today since all 
genes including those involved in behavioral traits 
and diseases - even if they are brain specific - can 
be studied in DNA taken from any tissue. For exam- 
ple, DNA from genes expressed in the brain can be 
obtained from white blood cells and is widely used 
to diagnose and study brain disorders such as Hun- 
tington disease (Sect.3.1.3.8). This approach is a pow- 
erful method to improve our rudimentary knowledge 
of genes involved in behavioral variation. 
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Importance of the Field. We feel that human behavior 
genetics promises to be the most interesting and im- 
portant branch of human genetics, with possibly far- 
ranging consequences. Elucidation of genetic varia- 
bility will allow better understanding of various hu- 
man behaviors and emotions. It is probably no mere 
concidence that work in human genetics began with 
a problem of behavior genetics - the work of F. Galton 
on the frequency of high performance among rela- 
tives of outstanding men (Sect. 1.3). 

Thereafter the mainstream of research moved away 
from behavior genetics, as other fields became more 
accessible to genetic research methods and concepts. 
However, some research in human behavioral genet- 
ics has always been carried out. This work was usual- 
ly influenced by concepts of quantitative genetics de- 
veloped with quite different problems in mind, such 
as animal breeding (Sect. 6.1). The development of 
the twin method seemed especially well suited for 
analysis of genotype-environmental interaction and 
also encouraged such research (Sect. 6.3). However, 
conscious or subconscious prejudice often biased the 
results of these studies. 

Paradigms of Mendel and Galton in Behavioral Genet- 
ics. We believe that concepts and methods in human 
genetics have reached a phase in which they can be 
applied more frequently to problems of behavior ge- 
netics. Research that will be most fruitful and least 
controversial is likely to be guided by the paradigm 
of Mendel - the gene concept and its subsequent ex- 
tensions to the level of molecular biology. Most re- 
search in human behavior genetics, on the other 
hand, has been guided by the paradigm of Galton, 
using biometric methods in the quantitative analysis 
of relationships among behavioral phenotypes. This 
approach, too, has gradually been extended by var- 
ious methods and has reached a considerable degree 
of sophistication. However, the passionate polemics 
that often accompany the subject of the genetics of 
intelligence suggest that the Galtonian paradigm 
may have reached the limits of its explanatory power. 
Such biometric approaches can never provide an ex- 
planation of genetic mechanisms. For practical rea- 
sons the clean experimental designs needed to obtain 
unequivocal answers to these problems by the Galto- 
nian approach simply cannot be achieved in hu- 
mans. 

We predict that progress in our understanding of the 
genetic variability underlying interindividual differ- 
ences in behavior will depend on our ability to apply 
concepts and methods of the central paradigm of ge- 
netics, i.e., analysis of gene action, to research on 
these problems. This does not mean, however, that 
the methods of quantitative genetics now used in hu- 
man behavior genetics will soon become obsolete; 



they will retain an important function in data analy- 
sis. Decisive progress, however, is likely to come 
from Mendelian analysis of biological parameters of 
gene action in the central nervous system. 



15.1 Animal Models 

Even if the “leap” from the mental capacity of our 
closest evolutionary relatives seems to be enormous, 
many basic principles of the action of brain and ner- 
vous system are identical in different species, al- 
though the degree of complexity is higher in humans. 
A frequent research strategy in genetics (Sect. 7.1) 
analyzes simpler systems to gradually develop con- 
cepts and methods that will eventually provide us 
the means to tackle more complex situations. This 
strategy is now being pursued in investigation of the 
nervous system, especially in relation to behavior 
(see also [7]). It is not our intention to survey mod- 
ern brain research, although some animals, including 
the ocean snail Aplysia [240] and the roundworm 
Caenorhabditis elegans [240], have proven excellect 
models for studying neuronal mechanisms. We con- 
fine ourselves here to a few examples that - by analo- 
gy or by contrast - may help to elucidate the situation 
in humans. 



15.1.1 Research in Insects 

Dialects in the Language of Bees [57, 62]. Insects, especially 
the colony-forming species, may exhibit complex and mean- 
ingful sequences of movement. Honeybees, after having 
found food in a near-by field with suitable flowers, inform 
other worker bees of their hive about their find by a circular 
dance. However, if the field of interest is farther away, they 
perform another type of dance that indicates the direction 
in which food can be found. These behavior patterns are ge- 
netically closely determined but provide no clues as to genet- 
ic mechanisms. Experiments have shown that bees are able to 
improve their capacity of spatial orientation by learning, and 
that the learning ability itself is a genetic characteristic in 
which genetic stocks may differ [118, 119]. (The application 
of the terms language and dialect to the dancing patterns of 
bees is semantically inappropriate since such behavioral pat- 
terns are quite different from human language and dialects. 
Their neurophysiology is therefore likely to be very different. 
We use these terms, following von Frisch [57] in the absence 
of a simple descriptive term for this behavior.) 
Comprehensive experiments on the genetic mechanisms of 
genetically determined behavior characteristics were per- 
formed in another insect more familiar to the geneticist: Dro- 
sophila melanogaster. 

''Genetic Dissection of Behavior” in Drosophila [10]. 
A great many mutants are known. Most are charac- 
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Fig. 15.1 a, b. Number of flies eclosing from the pupae over 
4 days. Ordinate, number of flies eclosing; abscissa, the time 
of the day. a The normal wild-type usually ecloses early in 



the morning, b A mutant in which the normal day-night 
rhythm has been lost; the flies eclose at about identical rates 
throughout the day. (Adapted from Benzer 1972 [10]) 



terized by morphological and color criteria. Sturte- 
vant showed as early as 1915 [229] that the phenotype 
of the X-linked mutation white-eyed influences choice 
of mates for pairing. Other mutations specifically in- 
fluence courtship and mating behavior or motor ac- 
tivity. One mutant does not fly in spite of anatomical- 
ly normal wings, and others lack the day-night 
rhythm. Figure 15.1 shows the number of flies eclos- 
ing from the pupae over 4 days. Normal flies general- 
ly eclose at dawn when the air is moist and cool, and 
the fly has time to unfold its wings and harden its cu- 
ticle while there is still little risk of desiccation or 
danger from predators. This behavior, as with other 
characteristics of the fly, is controlled by an “internal 
clock” independent of environmental influences; for 
example, this clock works even in complete darkness. 
A certain mutant, however, has lost this internal 
clock, and the flies eclose at all times of the day. The 
morning maximum completely disappears. Genetic 
analysis has shown his mutation to be X-linked. 
Using an ingenious genetic technique, flies have been 
engineered that are mosaics for two externally visible 
X-linked traits (white eyes and yellow cuticles) linked 
to the arrhythmic eclosure mutation. This permitted 
the behavioral phenotypes of a great number of mo- 
saics with different distributions of the two types of 
cells to be compared. Such analysis is possible in 
this insect by a convenient property of embryonic de- 



velopment: there is little migration and mixing of 
cells. Cells maintain their relative position within the 
body. Using this technique, the internal clock was 
found to be most closely associated with the head of 
the insect. Among flies with a mosaic head some 
show the normal rhythm and others the abnormal 
one. A few flies, however, show a unique rhythm, sug- 
gesting that each side of the brain produces its 
rhythm independently, and that the fly responds to 
each of them. 

Identifying single cells within the nervous system of 
the fly by tagging with biochemical markers has 
made it possible to pinpoint small groups of neurons 
as the origin of certain behaviors. 

Most behavior patterns in Drosophila analyzed in this 
way are genetically predetermined in all details [83]. 
While simplifying genetic analysis, this high degree 
of genetic determination makes comparison with 
humans difficult, as our most important behavioral 
characteristic is the ability to learn from experience. 
However, a limited ability to learn has also been 
shown in Drosophila. This property may open up 
new paths for genetic analysis of learning capacity. 

Mouse Mutants Affecting Embryonic Development of the 
Brain. Deviating phenotypic patterns in mouse mutants 
were analyzed to elucidate mechanisms of normal embryonic 
development in the central nervous system. One example is 
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the reeler [2365], a mutation leading to severe difficulties in 
maintaining body balance. The reeler brain develops normal- 
ly except for the cerebellar cortex and hippocampal forma- 
tion, which show disorganization of cell alignment and of in- 
tracortical synaptic connections. These regions are the only 
parts in the mouse brain in which cells destined to establish 
synaptic contacts with each other become initially trans- 
posed. This and other evidence points to a failure in a speci- 
fic recognition mechanism that normally allows patterned 
cell alignment in the developing brain. Other mouse mutants 
have provided material for a continued analysis of brain de- 
velopment in the mouse. The use of such experiments of nat- 
ure for an analysis of normal biological function is turning 
out to be a useful investigative tool. It is likely that similar 
mechanisms apply to brain development of man. 

What Can We Learn from Drosophila Experiments for 
a Genetic Analysis of Human Behavior? These insect 
experiments, interesting as they may be, provide little 
help in evaluating the role of genetic factors in 
human behavioral variability. Their design is based 
mostly on peculiarities of Drosophila not shared by 
humans. For example, human mosaics can neither 
be constructed at will nor be tagged by suitable muta- 
tions that alter the phenotype; embryonic develop- 
ment is too complicated to make this approach feasi- 
ble. Most importantly, variations in human behavior 
are never fixed as irrevocably as in insects. Looked 
at from this viewpoint, the questions posed by Droso- 
phila experiments are less genetic than embryological 
and - in part - neuroanatomical and neurophysiolo- 
gical. These studies can be compared, for example, 
with experiments in cats in which certain parts of 
the brain or of the peripheral nerves are destroyed, 
and the functional consequences are analyzed to dis- 
cover how these parts cooperate in normal function. 
The study of neurological symptoms carried out by 
neurologists to arrive at brain localization of a given 
lesion is a human counterpart of this work in Droso- 
phila. The Drosophila mutants used in these experi- 
ments have been produced artificially by chemical 
mutagens. While they may also occur spontaneously, 
their fitness is generally low. For example, the mutant 
with loss of the internal clock hatches all through the 
day; therefore most animals soon dry out or are de- 
voured by predators. These mutants are analogous to 
rare hereditary diseases whose mechanism is un- 
known and shed less light on genes influencing beha- 
vioral variability within the “normal” range. How- 
ever, deleterious mutants, even those affecting the 
function of certain nerve cell groups, are known in 
humans. Various methods for analyzing of deviant 
gene actions are in use, and this research approach 
has little to learn from work with Drosophila. 

Still, a more general lesson can be learned. As other 
phenotypic variation, behavioral variability is likely 
to be at least partially determined by genes. To ana- 
lyze the possible genetic mechanisms affecting beha- 



vioral variability, we should analyze the pathways in 
which gene differences influence behavior. In contrast 
to Drosophila, a straightforward one-to-one relation- 
ship between gene and phenotype cannot be expect- 
ed, however, and a more indirect approach is neces- 
sary. Do we have any chance of finding such genes? 
This topic is taken up in Sect. 15.2.3.4. First, we ask 
whether experiments with mammals can give us ad- 
ditional clues. The animal that has been examined 
most extensively is the mouse. 

15.1.2 Behavioral Genetic Experiments in the Mouse 

Three main approaches have been used in the mouse: 

1. Known mutants have been examined for special 
behavioral characteristics [79]. As in the Drosophi- 
la mutants described above, mouse mutants have 
low fitness and are therefore rare in natural popu- 
lations. They have little or no bearing on the natu- 
rally occurring genetic variability of behavior and 
can be compared to severe hereditary diseases in 
humans. 

2. Various inbred strains have been compared for be- 
havioral characteristics, such as temperature pre- 
ferences, geotactic reaction as measured by the be- 
havior in climbing slopes of different angles, ex- 
plorative behavior, general motor activity, ability 
to find a way through a maze, and emotionality as 
measured by the frequency of defecation. Inbred 
strains frequently show between-strain differences 
in such behavioral characteristics. These character- 
istics can then be analyzed genetically by between- 
strain crossings. 

3. Artificial selection can be used in randomly mating 
populations to demonstrate genetic variability for 
quantitatively varying characteristics. As predicted 
(Sect. 12.2.1.5), populations usually respond to se- 
lection by shifting of the mean in the direction de- 
sired by the experimenter and by diminution of the 
variance of the trait under selection. After a vari- 
able number of generations the mean reaches a 
plateau. The remaining variance at that point is ex- 
clusively environmental, and continuing response 
to selection would be possible only if new genetic 
variability were created by mutation. 

4. Such studies are now being supplemented by ex- 
amination of mice in which certain genes, for ex- 
ample, those necessary for metabolism of the neu- 
rotransmitter monoamine oxidase have been in- 
activated (knock-out mice. Sect. 8.3.1). 

These approaches show that there is genetic variabil- 
ity for measured behavioral characteristics. However, 
we remain ignorant regarding the genes involved. 
More specific conclusions may be possible if animals 
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performing differently in the “tests” are studied uti- 
lizing physiological variables that could possibly be 
involved. Selection methods may be especially useful 
here. If selection for a behavioral trait results in dif- 
ferences in other behavioral or in anatomical, physio- 
logical, or biochemical characteristics, such differen- 
ces may suggest a working hypothesis for a causal 
relationship [132]. 

An Example of a Single-Gene Abnormality: The Obese Mouse 
[2170]. Inferences to Human Obesity. - Mice homozygous for 
the obese gene ob/ob, if reared under standard conditions, 
eat heavily, become obese, and are relatively inactive. In- 
creased food intake by these animals appears to be caused 
by the failure of a satiation mechanism. 

Recently the genetic mechanism underlying obesity in mice 
carrying this mutation has been discovered [277]. The body’s 
adipose cells normally produce a substance known as leptin, 
which is the gene product of the ob gene. Leptin is bound 
by brain receptors (as well as soluble receptors) with result- 
ing appetite suppression. Mutations of the ob gene in the 
homozygous state (ob/ob) lead to biologically inactive leptin 
with failure to inhibit appetite, thereby causing the pheno- 
type of the obese mouse. Administration of leptin corrects 
the obesity. Homozygous mutations of the leptin receptor 
(db/db phenotype) [119 a] also cause obesity in mice. 

What is the relevance of these studies for human obesity? 
Observations in identical and non-identical twins, adoption 
studies and familial aggregation of obesity point to genetic 
factors. However, a simple mode of inheritance has not been 



found [18]. Furthermore, familial eating habits also play an 
important role. As in other complex human traits, most cases 
of human obesity are likely to be caused by a combination of 
several genetic factors (including the db gene and ob gene, 
which is 85% homologous to its human counterpart) inter- 
acting with excessive food intake. Occasional cases of severe 
and morbid obesity may turn out to be monogenic, and a 
significant proportion of cases may be largely environmental 
in origin, caused by excessive food intake. A genetic analysis 
of human obesity of unselected families without any clues as 
to mechanism, therefore, starts with a “bouillabaisse” of obe- 
sity variants. Biometric analysis of such heterogeneous data 
leads to the discovery of heritability for human obesity but 
gives no insight into the causes in individual families. 

Genetic Differences in Alcohol Uptake. Another behavior ex- 
tensively studied in mice and rats is the tendency to prefer al- 
cohol and the degree of susceptibility to the narcotic activity 
of this substance. Here no single gene has been identified so 
far, but after the pioneering research of Williams et al. 
(1949) [271] comparison of inbred strains and selection ex- 
periments have shown much of the variability underlying 
alcohol preference to be genetic in origin (Fig. 15.2). 

Strain differences have also been found for susceptibility to 
the effects of alcohol. The sleeping time after intraperitoneal 
injection of an anesthetic dose of alcohol also shows strain 
differences. Still more interesting are the effects of alcohol 
on spontaneous locomotor activity. The activity of C57BI 
mice was reduced significantly; that of BALB/c mice was un- 
changed, and the activity of the C3H strain was enhanced 
after alcohol exposure [133]. 



Fig. 15.2. Differences in alcohol preference in many 
inbred mouse strains. Preference ratio, alcohol/water; 
• , mean; vertical lines, ± 1 SD. (From Rogers et al. 
1963 [67]) 
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Therefore the strain differences in response of the brain to al- 
cohol are not merely quantitative, but the effect of the drug 
may go in either direction. The data regarding consumption 
of alcohol and of alcoholism (Sect. 15.2.3.5) [184] show analo- 
gous findings in humans. 

Quantitative differences in the parameters tested, for exam- 
ple, sleeping time, could be due either to a different rate in 
metabolism of alcohol or to a difference in the susceptibility 
of the brain. Blood and brain tissue alcohol levels at various 
times after injection and the rates of elimination were found 
to be practically identical between the strains showing the 
greatest difference in sleeping time - C57BI and BALB/c. 
Therefore the differences must lie in the susceptibility of the 
brain to alcohol. Here, again, similar data in humans are of 
interest [182]. No data are available regarding the biochemi- 
cal mechanisms of this strain difference. However, alcohol 
preference also depends on hepatic metabolism, and here 
strain differences in alcohol dehydrogenase and aldehyde de- 
hydrogenase have been detected [211]. The low preference in 
the DBA strain is thought to be due to a higher aldehyde ac- 
cumulation, as aldehyde dehydrogenase is less active [61]. 

To extrapolate these results to human problems of 
alcoholism, correlations of alcohol preference with 
other behavioral characteristics should be investigat- 
ed. Alcoholism in humans is most likely the result of 
complex interaction between postulated genetic dif- 
ferences affecting liver, brain, or other tissues and be- 
havior patterns influenced by the social environment. 
Aspects of this problem are discussed in Sect. 15.2.3.5. 

Learning Ability. One of the most important abilities 
of humans is the ability to learn from experience. 
The psychology of learning is a well-developed speci- 
ality of modern psychology. Three examples show 
attempts at analysis of the problem of interaction of 
genetic and environmental variability. 

1. Simple Mode of Inheritance for Conditioned Avoid- 
ance Learning. A special aspect of learning ability 
is avoidance learning. Animals are put into a cage 
with a floor through which an electric current 
may be applied. This electric shock causes slight 
pain which can be avoided by jumping into an- 
other compartment of the cage. When the animal 
has learned this reaction, the current is announced 
by a flash of light, and the animal learns quickly to 
jump into the other compartment as soon as it sees 
the flash. The number of flashes necessary for 
learning this conditioned avoidance reaction is 
measured. 

Examination of several inbred mouse strains show 
definite strain differences, and extensive breeding 
experiments using the strains with the most ex- 
treme reactions are interpreted to show this differ- 
ence to be caused by a simple, monogenic mode of 
inheritance. Exchange of the newborns of the two 
strains immediately after birth did not change 
strain-specific learning ability. This behavior pat- 



tern could not even be altered by implantation of 
fertilized oocytes into the uteri of animals from 
the other strain. Both results - the simple mode of 
inheritance and the failure of early maternal envi- 
ronment to change the strain-specific behavior 
pattern - shows that the strain difference in avoid- 
ance learning must be genetically determined [28]. 
For a morphological correlate, see below. 

This finding does not mean, however, that no en- 
vironmental influences could ever modify the ge- 
netically determined learning ability. Such modifi- 
cations are possible and have been analyzed in stu- 
dies of maze learning. 

2. Heredity and Environment in Maze Learning. To 
reach a food source rats are made to pass through 
a maze. According to the speed with which they 
achieve this goal, and by counting the number of 
mistakes made, “bright” and “dull” rats can be dis- 
tinguished from each other. In a genetically hetero- 
geneous population selective breeding leads after 
about seven generations to two populations with 
almost no overlap. This result points to appreciable 
genetic variability of maze-learning ability in the 
base population. 

One of the many modifications of this experiment 
has proven to be of special importance for formulat- 
ing hypotheses on learning ability in humans [41]. 
Following establishment of the bright and dull rat 
colonies, three groups were formed from the young 
of the two stocks. One group was reared as usual. 
The second group was reared from birth with re- 
stricted opportunities for cognitive and explorative 
experiences. The third group was reared in a spe- 
cially enriched environment: their cage wall was il- 
lustrated with modernistic designs, and the cages 
contained ramps, mirrors, balls, and tunnels. Fig- 
ure 15.3 shows the results. The difference in maze 
running between the two stocks was seen only in 
the groups that came from the “normal” or usual 
environment. All deprived rats from both strains 
showed a high number of errors, and all rats from 
both strains under the “enriched” environmental 
conditions performed almost equally well. 

It would, of course, be premature to conclude that 
in humans a suitable environment can level out all 
inherited differences in learning ability. Moreover, 
maze learning in animals differs from learning 
ability in humans, as many experiments have 
shown. 

However, the experiment shows that deprivation at 
a young age in the rat makes for disadvantage in 
later performance. On the other hand, an environ- 
ment rich in opportunities for varied experiences 
may improve learning ability. This conclusion cor- 
roborates similar hypotheses derived from experi- 
ences with humans [197]. 
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Fig. 15.3. Result of a maze-running experi- 
ment with bright and dull rats, in deprived, 
normal, and enriched environments. There is 
a definite difference in performance between 
the groups of rats in normal environment; the 
difference disappears almost entirely under 
deprived and enriched conditions. (Data from 
Cooper and Zubek 1958 [41]) 



Errors/ experiment 




3. Psychosexual Behavior Must Also Be Learned. Two 
inbred stocks of guinea pigs were compared re- 
garding a sequence of activities involved in sexual 
behavior. Both inbred stocks showed lower sexual 
acitivty than the heterozygous stock; there were 
definite interstock differences. One stock, for ex- 
ample, showed more courtship behavior, whereas 
the other stock proceeded to copulating behavior 
with few preliminaries. To examine the influence 
of learning on sexual behavior, males that had 
been kept isolated from the age of 25 days were 
compared with others who grew up with a group 
of females. At the age of 77 days test animals were 
placed together with a female in heat. In one of 
the stocks only 6 % of the isolated males achieved 
ejaculation compared with 84% of the controls. Si- 
milar results were obtained with the other stock. 
This experiment shows the importance of environ- 
ment for the development of normal, adult sexual 
behavior. The genetic component, on the other 
hand, is obvious from the strain difference [247, 
248]. 

Attempts at Elucidating the Biological Mechanisms of 
Behavior Differences. Animal experiments can be 
tools for elucidating the biological mechanisms of in- 
terindividual differences in behavior [36, 200]. 

A difference in two-way avoidance learning in the mouse, 
transmitted by a simple Mendelian mode of inheritance, is 
noted above. The mouse strains used in these experiments 
underwent morphological study of their brains, with particu- 
lar emphasis on the hippocampal areas, since earlier work 
had suggested a relationship of these areas with certain as- 



pects of learning. The extent of the mossy fiber terminal 
field, reflecting the number of synapses of the dentohippo- 
campal circuitry in the basal parts of the hippocampal pyra- 
mid cell layer, was found to be strongly correlated with poor 
acquisition of two-way avoidance. Animals with extended 
mossy fibers and therefore many synapses showed poorer 
performance than those in which this special field was less 
well developed. A causal relationship was strongly suggested 
by two additional experiments: the same correlation was 
shown by rats selectively bred for differential avoidance per- 
formance and by genetically heterogeneous mice tested indi- 
vidually for avoidance performance and subsequently killed 
for brain study [206, 207]. 

These studies convincingly verify the association between an 
aspect of brain structure and behavior. But why is the corre- 
lation negative? One would rather expect the opposite: the 
more synapses there are, the better the ability to learn. 
Upon closer scrutiny, however, this result makes much more 
sense. It is necessary to delineate more precisely what “learn- 
ing” actually means in terms of brain mechanisms. In one ex- 
periment the mice had to find the exit (a water-covered plat- 
form) from a water-filled maze. Here, too, the mouse strain 
with more synapses took more time. This experiment per- 
mitted observation of the different “strategies” of the two 
strains: animals with few mossy fiber synapses were simply 
more active; they used a strategy of trial and error rather 
than developing a quasi-intelligent concept. This led to a 
quite different result in another experiment: the length of 
time needed to learn a task requiring discrimination in a 
dry maze, when the correct choice was indicated by an addi- 
tional stimulus. For a certain time a wall was inserted in the 
maze to provide them “time to think.” Here the problem 
could not be solved by trial and error, and here the result 
was the opposite: good performance was associated with nu- 
merous mossy fiber endings. 

To understand these apparently contradictory results the 
learning tasks must be analyzed in greater detail. In avoid- 
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ance learning the animal must leave a compartment. Its in- 
stinctive behavior would be to stay motionless in one corner; 
in order to run it must overcome this tendency. In the water 
maze its instinctive impulse is to escape. The more actively 
if follows this impulse, the sooner it is successful. In the dry 
maze, however, there is a chance to form a quasilogical con- 
cept before starting to act. With these and other experiments 
geneticists are now struggling for theoretical explanations. 
The results could be explained, for example, by “persever- 
ance,” on the one hand, vs. “development of concepts,” on 
the other [ 208 , 250 ]. The kind of concepts to be formed has 
been studied in still another experiment: here the mice had 
to find their way in a radial maze. A correlation of mossy fi- 
ber density with “spatial working memory” but not with 
“nonspatial reference memory” was found [ 44 , 208 ]. 
Extrapolations from animal experiments to humans - espe- 
cially in the field of neurobiology and behavior - should be 
made with caution. However, such experiments may ulti- 
mately help to elucidate aspects of learning in humans. 

Other attempts have been made, to relate biochemical 
variables to behavior. Differences have been discov- 
ered, for example, in the endocrine system of “emo- 
tional” and “nonemotional” rats. Emotional males 
had larger adrenals and thyroid glands. Endocrine 
function in humans is one of the most powerful influ- 
ences on the brain. 

Attempts at relating behavioral traits to biochemical 
features of brain function are of great interest. Here 
neurotransmitters have recently received much inter- 
est. Neurotransmitters are compounds that transmit 
impulses from one neuron to the other through syn- 
apses (Sect. 15.2.3.6). Their variation in conditions 
with normal and psychotic human behavior has at- 
tracted much attention in recent years. Early studies 
had shown cholinesterase levels to be higher in 
some brain areas of “bright” than in “dull” rats 
[114]. In more recent experiments [36, 37] two related 
sublines of one inbred mouse stock, BALB/cJ and 
BALB/cN, differed in their fighting behavior. Males 
of the BALB/cJ subline immediately attacked other 
males that were put into their cage, whereas BALB/ 
cN males remained peaceful. This behavior difference 
was not caused by a higher general activity of the 



first subline, as the sublines did not differ in their 
general motor activity, but was specific for “fighting.” 
Cross-rearing experiments showed that this type of 
aggressiveness was not caused by maternal environ- 
mental influence. A number of enzymes involved in 
the metabolism of an important group of neurotrans- 
mitters, the catecholamines (Sect. 15.2.3.6), were stu- 
died in the adrenals and the brain of these animals. 
The levels of three enzmyes, tyrosine hydroxylase, 
dopamine-)8-hydroxylase, and phenylethanolamine 
N-methyltransferase were twofold higher in adrenals 
of the BALB/cJ, the fighting subline (Table 15.1). The 
difference in the brain was in the same direction but 
smaller and not significant. 

Breeding experiments between the two sublines were 
interpreted to show a difference in a single gene 
pair; nonfighting was dominant over fighting. En- 
zyme levels of all three enzymes segregated with the 
behavior. The data point to a lessened degradation 
of these enzymes as the most likely cause for their 
elevated enzmye activity. 

Not only neurotransmitters may promote aggressive 
behavior but hormones as well. For example, expo- 
sure to a single dose of testosterone on the fourth 
day of life induced aggressive behavior in female 
BALB-cBy mice but not in C57BL/6By females. There- 
fore the effect appears to depend on the genotype 
[133]. Another environmental factor that enhances 
male-male aggression in genetically predisposed 
mice is isolation of the animals for about 14 days 

[87]. 

Behavioral differences between inbred mouse strains 
such as duration of catalepsy were also detected after 
administration of haloperidol, a compound that 
binds to receptors for the neurotransmitter dopa- 
mine. The expected differences in drug binding were 
in fact demonstrated; they suggest genetic differences 
in regulation of the number of dopamine receptors in 
the stem ganglia [209]. 

Possible Significance of Experiments with Mice and 
Other Mammals for Behavioral Genetic Analysis in 



Table 15 . 1 . Levels of biosynthetic enzymes involved in catecholamine metabolism in adrenal glands of BALB/c sublines (from 
Ciaranello et al. 1974 [ 37 ] 



Sub line 


Behavioral 

phenotype 


n 


Ty'rosine 

hydroxylase 


Dopamine fl- 
hydroxylase 


PhenylethanoL 
amine-N- 
methyl transferase 


BALB/cJ 


Fighter (F) 


9 


8.87 ± U9 


30,23 ± 2.38 


0.371 ± 0.014 


BALB/cN 


Non fighter (NF) 


9 


4.51 ±0.46 


17.33 ± 1. I S 


0.193 ±0.011 


El (FxNF) 




12 


6.05 ± 0.40 


23.82 ± 1.47 


0.276 ±0.016 



Activity of each enzyme is expressed in nanomoles of product formed per hour per adrenal pair. In each case, differences be- 
tween high and low parents and between and either parent were statistically significant. 
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Humans. Animal experiments, especially with mam- 
mals, are suitable for formulating hypotheses that 
can be examined in humans. On the other hand, hy- 
potheses suggested by certain observations in hu- 
mans can be put to a more stringent test in animal 
experiments. The above examples indicate two differ- 
ent approaches to the problem of genetic determina- 
tion of behavior. 

1. Comparisons between inbred strains and selection 
experiments designed primarily are to demonstrate 
that genetic variability exists. The experiments 
usually permit quantification of the extent of ge- 
netic variability. This approach frequently also al- 
lows analysis of the interaction of genetic with en- 
vironmental variability. 

2. Very soon, however, this kind of analysis becomes 
unsatisfactory, as the answers are not specific. To 
gain insight into the mechanisms of genetically 
determined behavioral variations, morphological, 
physiological (usually neurophysiological) or bio- 
chemical characters must be investigated. A satis- 
factory state of this analysis is reached when such 
variation can be traced to single gene mutations. 
However, more than one single gene mutation is 
often involved. It may nevertheless be possible to 
localize the specific gene or genes by linkage tech- 
niques (see Chap. 5). This knowledge allows the by- 
passing of laborious studies on phenotypes with a 
variety of different approaches by first elucidating 
the DNA structure of the gene or genes involved. 
This information often provides strong clues as to 
function; it allows a more logical selection of the 
kind of phenotypic approach needed to under- 
stand the mechanisms of behavioral variation. 



15.2 Behavioral Genetics in Humans 

Normal and Abnormal Behavior. Normal behavior is 
studied largely by psychologists and abnormal beha- 
vior mostly by psychiatrists, while research into the 
biological causes of major psychoses is often done 
by neuroscientists. Defining of the normal range of 
behavior is difficult and depends strongly upon a 
given society's definition of “normal.” However, 
transcultural studies of recent years have clearly indi- 
cated that the major psychoses, such as schizophre- 
nia, occur in all societies and are not produced by ar- 
tificial labeling, as claimed by some social psychia- 
trists. 

Results of genetic analyses of many traits have shown 
that abnormal function is often caused by simple ge- 
netic defects, including single gene mutations. Varia- 
bility within the normal range has rarely been traced 



to differences in a single allelic series and presumably 
owes its origin to contributions from several genes 
intracting with environmental factors. By analogy, 
gross abnormal behavior is therefore more likely to 
be caused by single gene defects while normal beha- 
vior has a more complex genetic and environmental 
determination. As a consequence elucidating the ge- 
netics of abnormal behavior is a simpler task than 
genetic understanding of behavior in the normal 
range. 

Our treatment of human behavior genetics ap- 
proaches the subject similarly to our analysis of 
gene action (Chaps. 7, 8). More descriptive phenom- 
enological studies are covered first, with a few glimp- 
ses at a more causal analysis at a deeper genetic level. 

Observation and Measurement of Human Behavior. 
Human behavior can be observed by outsiders or re- 
ported following introspection, or both methods may 
be applied. The outside observer can note, for exam- 
ple, how quickly an individual moves, whether (s)he 
prefers to be motorically active or passive, and - or 
whether (s)he likes to engage in social contacts. On 
a larger scale, we may be interested in how an indivi- 
dual passes through the stages of life - how child- 
hood, adolescence, and young adulthood are experi- 
enced, how and why occupations are selected, and 
whether a person leads a reasonably happy and suc- 
cessful life. In all these aspects we can compare one 
individual with others. Furthermore, to simplify the 
task of measurement and comparison, we may wish 
to standardize our procedures of observation. For ex- 
ample, certain abilities or interests can be examined 
and compared as comprehensively as possible within 
a reasonable time by specifically constructed test sys- 
tems. Such psychological tests should have a high 
reliability i.e., repeated application of the same or 
analogous tests to the same individual should lead 
to similar results. The reliability of a test can be as- 
sessed relatively easily. Its validity, i.e., whether it 
measures anything relevant to real life, is much 
more difficult to determine. Intelligence tests, for ex- 
ample, should be able to predict a person's perfor- 
mance in a situation in which, according to the con- 
ventions of our society, intelligence is needed; for ex- 
ample, success in school or university or perfor- 
mance in an occupation. 

Psychologists interested in test construction have 
been successful primarily in measuring sensorimotor 
skills and the set of abilities usually referred to as 
called “intelligence.” So-called intelligence tests have 
been applied on a very large scale, and these studies 
- especially when interpreted in genetic terms - 
have raised a considerable uproar. 

However, such observations and measurements are 
only one side of the matter. Data obtained from intro- 
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spection may be just as important. We wish to know 
how a person feels. Does (s)he feel relaxed or excited, 
elated or depressed - in brief: What is his or her feel- 
ing tone? Does the person feel the urge to take an ac- 
tive part in life or to let things just happen? What at- 
titudes does a person have toward other people - to- 
ward family, colleagues, occupational life, cultural ac- 
tivities? All these matters are often lumped together 
under the label “personality.” 

Strictly speaking, the psychologist has inside knowl- 
edge of only one person - himself. However, human 
beings communicate with each other - by nonverbal 
means such as physiognomic expression, movements 
of their bodies, especially their hands, and above all 
by that natural instrument unique to our species, lan- 
guage. The investigator also uses these means of com- 
munication to gather more indirect information 
about the feelings and thoughts of other people. The 
simplest method is the interview. This interview 
may be structured if the investigator has prepared in 
advance a number of topics to be explored. Other, 
more refined methods are personality questionnaires 
with queries on feelings, attitudes, and opinions. 
Most questionnaires are constructed so that the pro- 
band has several choices. The number of statements 
in one or the other direction on various topics are 
then compared with those of standard populations. 
Widely used questionnaires include the Minnesota 
Multiphasic Personality Inventory (MMPI) and the 
16 Personality Factors (16PF) test. 

All the above aspects of human behavior show varia- 
tions between individuals which can be examined by 
genetic approaches. 

15.2.1 Investigations with Classical 
Phenomenological Methods 

75.2. 7. 7 Reappraisal of Classical Methods 
(See also Chap. 6) 

Family Investigations. The most straighforward - and 
most unsophisticated - approach for assessing a ge- 
netic contribution to the variability of a certain trait 
is to compare the frequency of this trait between bio- 
logically related individuals. If an all-or-none, or al- 
ternative characteristic is genetically determined, it 
usually manifests more frequently among relatives. 
With increasing biological relationship, the frequency 
in relatives climbs. Such alternative individual char- 
acteristics include various diseases as contrasted to 
general health, and severe mental retardation in con- 
trast to normal intelligence. If the characteristic is 
defined on a graded or quantitative scale, the similar- 
ity between relatives is generally expected to rise with 
increasing biological relationship. 



One goal of biometric research is to establish the 
probability among relatives of probands to develop 
the same conditions. Calculation of such empirical 
risk figures is explained in Sect. 4.3.6. 

In quantitative traits the similarities among relatives 
are usually expressed and measured as correlation 
coefficients. Such analyses are strictly empirical and 
require no genetic concepts. The conceptual difficul- 
ties begin if we try to interpret empirical risk figures 
or correlations among relatives in terms of genetic 
variability. Certain correlation coefficients can theo- 
retically be derived from assumptions regarding the 
degree of relationship between two persons and the 
degree of dominance of these genes. The theoretical 
expectations can then be compared with those em- 
pirically observed, and from this comparison, the 
“heritability,” i. e., the proportion of variability con- 
tributed by genes, can be estimated. Heritability and 
methods for calculation - and the assumptions nor- 
mally inherent in such calculations - are described 
in Chap. 6. 

Heritability calculations can theoretically also be car- 
ried out for alternatively varying characteristics, such 
as diseases. These calculations require information 
on the occurrence of the test trait in relatives and in 
the general population. Here, too, a number of as- 
sumptions regarding the biological meaning of such 
a calculation need to be made. Worse still, few of 
these assumptions can generally be tested with most 
empirical data. The problem is discussed in 
Chap. 6. 

One objection to such heritability calculations comes 
to mind immediately. In most cases relatives not 
only share some of their genes but also live under 
similar environmental conditions. Heritability esti- 
mates, however, assume that genetic and environ- 
mental variance components are independent of 
each other. Attempts at correcting for this bias by in- 
troducing estimates of environmental parameters re- 
garded as relevant for the trait in question are of du- 
bious value. The classic approach for overcoming 
this difficulty is the comparison of monozygotic and 
dizygotic twins. 

Twin Method (see Sect. 6.3 [15]). Monozygotic (MZ) 
twins are genetically identical; differences found be- 
tween them must therefore be nongenetic. Dizygotic 
(DZ) twins are no more similar genetically than nor- 
mal sibs. As with MZ twins, however, they are usually 
reared together; therefore, the influence of environ- 
mental factors can be taken as essentially similar in 
each twin. Hence, if MZ twins are more similar than 
DZ twins in a quantitatively varying trait, or if they 
are more frequently concordant in an alternately 
varying characteristic, genetic components in the 
variability of this characteristic are assumed. This as- 
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sumption is subject to a number of qualifications that 
grow out of the observation that twins - especially 
MZ twins - are in many aspects not a random popu- 
lation sample. These problems are explained in detail 
in Sect. 6.3.4. For planning of research in behavior ge- 
netics, it must be remembered that the special twin 
situation, especially in childhood and youth, leads to 
certain deviations from average development. More 
generally, the environmental differences to which 
twins - and to a slightly greater degree other sibs as 
well - are exposed can hardly be regarded as repre- 
sentative for such differences in the general popula- 
tion. Usually such differences are much smaller in re- 
latives. 

MZ Twins Reared Apart; Studies on Adopted and Fos- 
ter Children [127, 159]. To overcome these difficulties 
two approaches were chosen especially for problems 
in behavior genetics: first, the comparison of MZ 
twins who were separated in infancy or early child- 
hood and reared apart. This design theoretically 
avoids in a very elegant way any biases due to a com- 
mon environment and interaction between the twins. 
Secondly, in a comparison of adopted children (or of 
children living in foster homes) with their biological 
parents, common environmental factors usually act- 
ing on parents and their children no longer apply, 
and the parent-child relationship is reduced to its 
biological components. Influences of a common en- 
vironment are excluded. 

Unfortunately, matters are somewhat different in rea- 
lity. Placing of separated MZ twins or of adopted chil- 
dren never occurs at random; selective placement 
based on socioeconomic status and behavioral char- 
acteristics is commonly carried out by social agen- 
cies; couples adopting children are a biased sample 
of all couples; foster homes may offer aberrant living 
conditions. The ideal research design of a rando- 
mized environment cannot be achieved for humans. 



15.2.1.2 Mental Retardation and Deficiency 

Definition. There are many definitions of mental retardation 
and deficiency. A useful definition that does not depend on 
tests or school results is that given in the British Wood Report 
(1929). A mentally deficient individual was defined as “one 
who by reason of incomplete mental development is incap- 
able of independent social adaptation.” Mental ability is often 
measured by intelligence tests, which are also used to classify 
mentally retarded persons in to three categories: mild (high- 
grade), medium, and severe (low-grade). The “intelligence 
quotient” (IQ) as devised by Binet and Simon (1907) and later 
modified was designed primarily as an aid to teachers in 
Paris in allocating pupils to their correct grades in school 
[175]. The children were classified into years and months of 
mental age. By comparing mental and chronological age it 



was immediately apparent whether a child was advanced or 
retarded. For example, if a child was 12 years old and his per- 
formance was equivalent to the mean of all 9-year-olds, the 
IQ was 9/12 = 75. For individuals above the age of 14-16 years 
this formulations is meaningless. Therefore their IQ is de- 
fined by comparison with a standardized sample of their age 
peers. Even this formulation is only a crude approximation, 
as the mental capacity of a subnormal individual often is qua- 
litatively different from that of a normal individual. 

Incidence of Mental Subnormality. Incidence figures 
of mental subnormality vary widely, depending on 
the definition. If an IQ of 69 or a mental age of 7-10 
is taken as the lower limit of normalcy, incidences 
formerly clustered at around 2%-3% of the popula- 
tion; more recent studies give lower values [186]. 
The great majority of mentally subnormal persons 
can be classified into the mild (high-grade) group; 
only about 0.25% of the overall population are cate- 
gorized as severely retarded (IQ < 50). Among severe 
cases boys are overrepresented. 

The frequency of detectable mental retardation in- 
creases after the age of 6-7 years due to school atten- 
dance, where mental retardation is more likely recog- 
nized because of learning difficulties. The detected 
population frequency decreases again after school 
age since many individuals unable to succeed in 
school can achieve satisfactory social adaptation. 
These data emphasize the importance of school atten- 
dance in defining mental retardation. 

Two Biological Groups. Mentally subnormal indivi- 
duals can be divided into two classes, for which the 
terms “pathological” and “subcultural” became most 
popular [123]. The pathological group comprises a 
mixture of cases with various genetic and nongenetic 
causes. It was once believed that many cases falling 
into this category were environmentally caused, as 
parents were usually normal. We know today that 
this is not entirely true. While this group comprises 
exogenous cases, for example, those due to brain in- 
jury or infectious disease, such as meningitis and en- 
cephalitis, many cases are due to genetic causes. 
Down syndrome has long been the most frequent sin- 
gle diagnosis in this pathological group (Sect. 2.2.2). 
Most inherited and predominantly autosomal-reces- 
sive inborn errors of metabolism that cause mental 
deficiency are also included in this class which also 
comprises some autosomal-dominant and, especially, 
X-linked recessive conditions. Studies of children 
from consanguineous marriages provide hints that 
further monogenic autosomal-recessive conditions 
may be hidden among cases currently diagnosed as 
nonspecific mental retardation. 

X-Linked Mental Retardation (XLMR). The severely 
affected group contains many more males than fe- 
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males. Moreover, brothers of such males are affected 
more often than their sisters. Luxenburger postulated 
as early as 1931 the involvement of X-linked genes 
[130]. Later, however, some authors explained this sex 
difference by ascertainment biases [50]. The matter 
was clarified when a number of X-linked conditions 
were discovered [168]. A population study in British 
Columbia, Canada, estimated the prevalence of all 
types of X-linked mental retardation together as up 
to 1.8 per 1000 males [245]; studies in populations of 
mental retardates confirm this order of magnitude. 
X-linked mental retardation may be as common in 
the male population as Down syndrome. At present 
about 80 types are known. These have been subdivi- 
ded into syndromal and nonsyndromal subtypes (In- 
ternational Workshops on X- Linked Mental Retarda- 
tion). Scientists have tried to create a certain order 
mainly by founding a nomenclature committee to 
which all newly discovered types can be submitted 
for help in classification and naming [149]. 



The best-known and most common single type is the 
Martin-Bell syndrome (approx. 40% of cases with 
XLMR). Among males with this syndrome a specific 
anomaly of the X chromosome is found: in approx. 
2 %-35 % of their X chromosomes a “fragile site” is 
seen at the end of the long arm (Xq 28) in lympho- 
cyte cultures. The same “marker X” can also be 
found in many female carriers; it “can readily be 
seen in . . . carrier females under the age of about 
25, but to demonstrate it in older women is difficult 
unless they are intellectually impaired” [245]. Even 
among younger carriers, mar (X) -positive ones are 
much more common among mental retardates than 
among normals. 

Many male patients show characteristic physical fea- 
tures, including large testicles, large or lop ears, and 
prominent forehead and jaw (Fig. 15.4, Table 15.2). At 
birth some have a large head and slightly increased 
birthweight. In children the diagnosis is more diffi- 
cult, but experienced clinical geneticists have de- 




Fig.15.4a-e. Patient with X- 
linked mental retardation 
(Martin-Bell syndrome): 
macro-orchidism, typical 
face, and high-arched palate, 
d The size of the testicle is 
compared with a model in- 
dicating average size. The 
marker X was demonstrated 
in 35 % of the cells. However, 
clinical features are not al- 
ways as characteristic as in 
this case, e Marker (X) 
chromosome. (From Tari- 
verdian and Week 1982 
[236]) 
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Table 15 . 2 . Clinical features of Fra X mental retardation 
(Martin-Bell syndrome; modified from Turner and Jacobs 

1984 [245]) 



Intelligence IQ range 30-65, sometimes borderline nor- 
mal or even normal* Occasional hyperactiv- 
ity or autism in childhood; generally 
friendly, shy, nonaggressive as teenagers; 
speech anomaly 

Growth Birth weight normal; usually heavier and 

taller than normal sibs; head circumference 
above 50th, sometimes above 97th percen- 
tile 



Facies Prominent forehead and Jaws, long face and 

big ears 

Testicles May be 3-4 cm^ in childhood (normal 

2 cm’^); postpuberal boys 30-60 cm^ (nor- 
mal < 25 cm^) 



Occasional Epilepsy; increased reflexes in lower ext re- 
features mities; gynecomastia, striae, fine skin; 
thickening of scrotal sac 



scribed a small, long, and centrally bloated face, nar- 
row eyes, prominent and dysplastic ears, velvety 
skin, and pudgy hands and feet. These features are 
rather subtle and may be overlooked; therefore many 
patients remain undiagnosed during childhood. The 
IQ may be as low as 30, but in most instances is in 
the 50-60 range. Speech has been reported as “repeti- 
tive,” and stuttering appears to be common. Children 
tend to be hyperactive; later, autistic behavior is com- 
mon, and the patients have difficulties adjusting so- 
cially [195]. Among probands diagnosed as autistic 
children, FraX individuals are not especially com- 
mon. However, there is wide variability within and 
especially between families in terms of both clinical 
signs and the frequency with which Fra X can be de- 
tected. In an increasing number of pedigrees the mu- 
tant gene must have been transmitted by a clinically 
and cytogenetically unaffected male, and segregation 
analysis [212] has revealed approximately 80 % pene- 
trance of mental retardation in hemizygous males. 
In many instances the physical features are not nearly 
as characteristic as in the patient shown in Fig. 15.4. 
Phenotypic variability among female heterozygotes 
is still wider. According to one study [212], “mental 
impairment” among such females was seen in about 
30 %. There has been some discussion on the mental 
status of the 70% without outright mental impair- 
ment. In one study [171] most subjects had a below- 
average IQ. Another study confirmed some intellec- 
tual impairment, in clinically nonaffected carriers 
especially a deficiency in nonverbal skills [126]. Car- 
riers were shown to exhibit “a wide spectrum of cog- 
nitive deficits ... ranging from subtle to quite ob- 



vious” [73] as well as dysfunction in social interac- 
tion and affective regulation. In four men with 
FraX, magnetic resonance imaging of the brain re- 
vealed an increased size of the fourth ventricle and 
anomalies of the cerebellum [195]. 

The genetics of the anomaly raised a number of intri- 
guing questions: about 20 % of male transmitters fail 
to show signs of mental retardation; their daughters 
are found to be phenotypically normal, but the sons 
of these daughters are often affected. This “Sherman 
paradox,” named after the first author of an important 
publication [157], has been solved by elucidating the 
molecular background of this disease (Sect. 9.4.2; 
Fig. 9.5). The basic mutational event is amplification 
of a (CGG)„ repeat (or(CCG)n, if the complementary 
DNA strand is considered) at the fragile site, in nor- 
mal X chromosomes, n is about 25. In clinically nonaf- 
fected male hemizygotes the number of repeats is 
moderately increased; this “premutation” leads to fur- 
ther amplifications in the germ cells of their (clinically 
unaffected) daughters. Their sons and daughters often 
have many more repeats and are affected clinically. 
This type of mutation has also been found in some 
other diseases, such as Huntington disease, myotonic 
dystrophy, and Kennedy disease (Sect. 9.4.2). The 
Fra X syndrome also poses a problem in terms of po- 
pulation genetics: why is it so common despite the 
strong selective disadvantage since affected males al- 
most never have children? Two factors appear to be 
at play: the mutation rate seems fairly high, and unaf- 
fected female carriers may be especially fertile 
(Sect. 9.1) [126, 263]. 

The proportion of mitoses showing a fragile X chro- 
mosome can be enhanced by folic acid deprivation 
in cell culture. This has led to speculations on possi- 
ble pathogenetic mechanisms, but a study on folic 
acid pathways in Fra X cells failed to reveal a defect 
[268]. Therapeutic attempts with folic acid were re- 
ported to have no success [231]. 

Heritable fragile sites have been observed in other 
chromosomes. Most of these are also folic acid sensi- 
tive. Heterozygosity of such sites appears to be more 
common in mental retardates than in the general po- 
pulation of newborns [232]. More recently, another 
phenotypically similar type of X-linked mental retar- 
dation has been discovered which has been termed 
FRAXE (in distinction to FRAXA, the type described 
above) [113]. Here the fragile site is also localized at 
Xq27-Xq28 but is distal to that found in FRAXA. 
Here a GCC repeat causes the anomaly; in normal 
persons 6-25 repeats may be present, while in affec- 
ted individuals about 200 copies are observed. Mosai- 
cism appears to be common; mental retardation may 
be less severe than in FRAXA patients. 

In addition to the Martin-Bell (FraX) syndrome, 
many other types of X-linked mental retardation ex- 
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ist. The genes for an increasing number of the ap- 
proximately. 80 different types have been localized 
on the X chromosome. 

X-Linked Behavioral Disturbance. A large pedigree of 
14 males supposedly affected with slightly subnormal 
intelligence (IQ ~ 85) and an X-linked mode of in- 
heritance has been observed in the Netherlands [21, 
22]. There are no prominent physical characteristics; 
this type therefore belongs to the “nonsyndromic” 
group. In addition to reduced intelligence, affected 
males were reported to show periods of severe ag- 
gressiveness, such as stabbing, trying to run over a 
teacher with a car, attempted rape of a sister, and ar- 
son. These outbreaks tended to occur as outraged re- 
actions to commonplace provocations. The gene has 
been localized to the locus for a neurotransmitter en- 
zyme, monoamine oxidase type A in Xpii. Mono- 
amine oxidase is one of the enzymes involved in cate- 
cholamine metabolism. A marked disturbance of 
monoamine metabolism was shown by biochemical 
studies of urine. A missense mutation has been de- 
monstration in this gene. However, this report has 
been critisized because of insufficient psychiatric di- 
agnosis [79 a]. This observation is reminiscent of the 
relationship between certain aspects of catecholamine 
metabolism and aggressiveness in mice. In fact, adult 
transgenic mice in which transgene integration 
caused deletion of the monoamine oxidase A gene ex- 
hibited a distinct behavioral syndrome, including en- 
hanced aggression and fighting behavior in males 
[30 a]. These results in mice suggest that the beha- 
vioral findings in human monoamine oxidase A defi- 
ciency might indeed be related to this biochemical 
defect. 

Rett Syndrome [75, 198]. Unlike other syndromes, 
Rett syndrome is observed exclusively in girls; its in- 



cidence is estimated at 1:15000-1:20000. The chil- 
dren are born normal, but the first signs of neurolo- 
gical deterioration appear before 2 years of age. A 
slow neurodegenerative process leads to severe 
mental retardation, to continuous, stereotypic hand 
movements, apraxia, and autistic behavior (Fig. 15.5). 
Almost all cases are sporadic; an X-linked dominant 
mode of inheritance with lethality of male hemizy- 
gotes (Sect. 4.1.4) has been suspected [39] but cannot 
be proven since the affected girls do not reproduce. 
However, both the concordance of MZ twins 
(Fig. 15.5) [235, 236] and a few reports of affected fa- 
mily members which could be due to germ cell mo- 
saicism strongly suggest a genetic origin. So far the 
genetic mechanism has not been elucidated [26]. 

Mild or High-Grade Mental Retardation. A pattern 
quite different from the severe types of mental defi- 
ciency is observed in the mild or subcultural group. 
There are generally far fewer cases of dramatic exo- 
genous origin although environmental causes do 
sometimes exist. Few neurological abnormalities or 
other clinical findings are noted. Instead, familial re- 
currence is observed. Whereas patients with severe 
mental retardation usually have normal parents and 
only occasionally affected sibs, the proportion of af- 
fected relatives among those with mild mental retar- 
dation is high (Fig. 15.6). 

Empirical Risk Figures [276]. Severe mental retarda- 
tion is a typical example of a mixed etiological cate- 
gory. Genetic analysis at the phenotypic Mendelian 
level has become possible for an increasing number 
of cases within this class, and many mutations at in- 
dividual gene loci have been detected. Other cases 
have been shown to be caused by chromosomal 
anomalies. For the unclassified rest, empirical risk 
figures of recurrence have been calculated that must 




Fig. 15.5. Monozygotic twins with Rett syndrome 
at the age of 9 years. (Courtesy Dr. G. Tariverdian; 
see also [237]) 
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Fig. 15.6. Distribution of IQ in sibships with mildly affected 
(high-grade mental retardation) and severely affected pro- 
bands (low-grade mentally retarded probands). High-grade 
mentally retarded sibships show a nearly normal distribu- 
tion, which is shifted toward slightly reduced IQ values, sug- 
gesting a multifactorial basis. The sibships of severely men- 



tally retarded probands show a bimodal distribution. There 
is a minority of mentally retarded sibs, but the IQ distribu- 
tion of most siblings equals that of the average population 
(the mean is close to IQ = 100). These data point to discrete, 
major causes, genetic or nongenetic, for severe mental retar- 
dation. (From Fraser Roberts 1952) 



Table 15.3. Prevalence of mental retardation among parents and sibs of mentally retarded probands (from Penrose 1962 [175]) 



Degree of mental retardation 
of proband 


n 


Above 

average 


Borderline and 
mildly retarded 


Severely 

retarded 


Total retarded 


Borderline or mildly retarded 


1254 


Parents 

0.32% 


27.59% 


0.24% 


27.83% 


(627 probands) 


Severely retarded 


1306 


0.53% 


15.00% 


0.08% 


15.08% 


(653 probands) 


Ail degrees 


2560 


0.43% 


21.17% 


0.16% 


21.33% 


Borderline or mildly retarded 


2321 


Sibs 

1.21% 


19.52% 


2.50% 


22.02% 


Severely retarded 


2549 


1.57% 


12.24% 


4.28% 


16.52% 


All degrees 


4870 


1.40% 


15.71% 


3.43% 


19.14% 



be used cautiously. Genetic counseling requires care- 
ful analysis of the case under study and should in- 
clude a consideration of exogenous brain damage. A 
relatively large unclassified core remains, where ge- 
netic counseling is difficult. 

The calculation of empirical risk figures is more useful 
for mild mental retardation, especially when the min- 
ority of cases with known exogenous causes can be ex- 
cluded. Table 15.3 shows empirical risk figures derived 
from Penrose’s famous Colchester Survey [ 174 ]. There 
is a notable difference in familial occurrence of mental 
retardation between severely and mildly affected pro- 
bands, the latter groups showing higher familial ag- 
gregation. Other studies usually give similar figures 
[ 85 , 186 , 273 ]. Comparison of data from various au- 
thors is difficult as the criteria of diagnosis vary. The 
data on familial aggregation and the absence of clear 



segregation of normals and mentally retarded in the 
many families studied are compatible with multifac- 
torial inheritance. If a scale such as IQ is used with 
continuously varying test results, no threshold exists. 
However, it may be useful to establish artificial thresh- 
olds to delineate the proportion of the population that 
is unable to benefit from regular schools. 

Twin Studies. One way to examine the heritability of a 
characteristic is to compare MZ and DZ twins. Fig- 
ure 15.7 describes three twin studies. Considering 
that discordance in two pairs of MZ twins in Smith’s 
series could be related to exogenous causes, concor- 
dance of mental subnormality for which no exoge- 
nous causes (early brain damage or infection) can 
be found, approaches 100 %, and hence heritability 
does indeed seem to be 100 %. 
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Va Concordance 
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I I DZ 




nM2: 

nDZ: 



1930 

13 

50 



endogenous 

GO 

131 



exogenous 

11 

20 



1954 

25 

25 



Fig. 15.7. Concordance in MZ and DZ twins in twin 
studies on mild (high-grade) mental retardation. 
(From Zerbin-Rudin 1967 [276]) 



Somewhat closer scrutiny of the data casts some 
doubt on this interpretation. First of all, the twins in- 
cluded in these studies lived with their families; even 
if the parents were not outright subnormal, they 
were in most cases within the lower range of the in- 
telligence distribution. A certain deprivation from 
the stimuli necessary for normal intellectual develop- 
ment may safely be assumed to be responsible for 
part of the mental retardation in these MZ twins. 
This assumption is corroborated by another interest- 
ing observation in the families of Juda’s twin series: 
one-fourth of the fathers of retarded twins and more 
than one-third of the mothers were recorded as retar- 
ded. The significance of the mother for the mental 
development of the infant and child, especially in the 
first 3 years of life, is now an undisputed finding of 
developmental psychology. Hence, the data suggest a 
maternal influence in addition to X-linked genes. 

Juda [103, 104] collected twin data by contacting the 
families of all children in special schools for 
retarded children in southern Germany. Among 
18 183 students she ascertained 488 twin children, 
i. e., one twin per 37.3 pupils. The frequency of twin 
births in Germany at that time was about 1 twin birth 
in 84 deliveries, i. e., 1 twin individual in 42 mothers. 
Due to the higher infant mortality of twin children, 
the probability of finding a twin was calculated to be 
about 1 twin per 60 children in the population. There- 
fore twins were overrepresented in these data. This 
result agrees with the general experience that devel- 
opment of twins is slower [92, 94] and mental sub- 
normality is more frequent than in the general popu- 
lation. The influence of this bias on concordance rate 
cannot be predicted. In any case, these considerations 



show that interpretation of empirical risk figures and 
twin concordances as well as heritability estimates 
derived from such data may be ambiguous for two 
reasons: genetic and environmental influences are 
correlated, and the development of twins differs 
from that of singletons. As mentioned repeatedly, the 
genetic model of multifactorial inheritance furnishes 
only a preliminary description of the genetic situa- 
tion (Sect. 6.1). A more incisive analysis will be possi- 
ble in the future for this mild, subcultural group as 
well, once specific genetic and environmental factors 
have been identified. 

15.2.1.3 Intelligence and Performance 

in the Normal and Superior Ranges 

Superior Achievement. The discussion above concentrates on 
the lower end of the variation, i. e., those who because of their 
low intellectual endowment have difficulties in adapting to 
the demands of society. Galton first reported on individuals 
whose achievement is regarded as superior by the standards 
of their society in his classical paper on “Hereditary Talent 
and Character” (1865) [64] and in the subsequent monograph 
on Hereditary Genius (1869). This work established the Galto- 
nian paradigm of human genetics. He showed that men re- 
garded as “eminent” in British society had many times 
more male close relatives in the eminent group than would 
be expected if the distribution of high achievement were ran- 
dom. 

Since that time repeated attempts have been made to docu- 
ment the inheritance of genius or of special talents. For ex- 
ample, the pedigrees of famous artists and scientists, such 
as Bach, Darwin, Galton, and Bernoulli have been reported 
as evidence for hereditary talent, and comprehensive statis- 
tics have been published [105]. These accounts confound her- 
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edity and environment, and no specific statements regarding 
the role of genetic factors can be made. 

Variability in the Normal Range: Nature of Intelli- 
gence. Many studies have been performed to deter- 
mine the relative contributions of heredity and envi- 
ronment to behavior within the normal range. Suc- 
cess in life and contribution to human society clearly 
depend on a variety of factors that can roughly be 
classified as intelligence and personality. Individual 
differences in intelligence have long been a principal 
field of research in psychology. More recently, how- 
ever, these studies have been criticized fiercely. To 
understand this controversy somewhat better, we 
should consider the history of intelligence testing 
and some modern concepts of intelligence [197]. 

Intelligence and Intelligence Testing. Mental subnorm- 
ality and eminent performance have been defined 
using social criteria: subnormality as making an indi- 
vidual incapable of independent social adaptation 
and eminence as being recognized by a group of con- 
temporary professional colleagues as one of the lead- 
ing figures in a field [105]. The “Intelligence quo- 
tient”, or mental age, had originally been introduced 
as a device for school assignment and for classifying 
degrees of mental subnormality. Thus, IQ represented 
a criterion for delimiting the normal range from mild 
subnormality in a more clearly defined but somewhat 
more arbitrary way than independent social adapta- 
tion. Indeed, Binet introduced these measurements 
for the purpose of such classifications. It is said that 
Binet himself was not happy with the direction which 
IQ research subsequently took [240]. Emphasis shif- 
ted to classifying normal individuals according to 
their IQ score. An important event that precipitated 
this development was World War I, which afforded 
American psychologists the opportunity to test large 
numbers of army recruits. 

Such extensive testing required selection of tasks and 
questions that would force respondents to give scor- 
able right or wrong answers. Because testers were 
not communicating directly with individual testees, 
the reasons for the wrong answers could not be ana- 
lyzed. Qualitative differences would have to be ig- 
nored; scores became all important [240]. 

Interest in quantitative measurement continued after 
World War I, and the tests became more sophisti- 
cated. The modern intelligence test comprises items 
that examine ability to handle words and verbal con- 
cepts, abstractions, mathematical tasks, spatial visua- 
lization, and memory. Such tests have proven useful 
in practice; despite many criticisms about their 
meaning, operationally they give fairly reliable pre- 
dictions about performance in school and univer- 
sity. 



Success in a number of professional occupations such 
as architecture, engineering, science, and medicine 
requires an above-average IQ, while other occupa- 
tions make less of an intellectual demand on their 
practitioners. Failure to reach the IQ result necessary 
for success in the professions has predictive value in 
establishing that such persons are not likely to suc- 
ceed in professional schools and universities prepar- 
ing for these professions. However, cognitive ability 
as assessed by IQ tests is certainly not the only crite- 
rion for professional success. 

The older theoretical work centered mainly around 
the problem of whether intelligence is one basic abil- 
ity that influences all single tasks, different as they 
may be, or whether different tasks demand different 
abilities. One method for examining such problems 
is factor analysis. The correlations between single 
score results were examined for correlation clusters 
that were believed to indicate such basic abilities. 
The results were consistent in showing relatively 
high correlations between single items, pointing to a 
common factor of “general intelligence” (g) that in- 
fluences all test scores (Spearman). There is some 
agreement that in addition to this g factor, specific 
abilities are necessary for performing verbal and 
mathematical tasks and for space perception. 

Growing Unease over Intelligence Testing Among Psy- 
chologists. In spite of its undisputed success in pre- 
dicting school achievement, the method of measuring 
intelligence and the IQ concept has met with growing 
unease among psychologists. It is asserted, for exam- 
ple, that the test measures the ability for “puzzle sol- 
ving,” i.e., for solving problems that are uninterest- 
ing by themselves but require certain specific formal 
skills. These skills are stressed in all school systems 
[155]. They are also needed in many professional 
fields, for example, in engineering. The highest puz- 
zle-solving skills are necessary for solution of pro- 
blems in the physical and some biological and social 
sciences. Kuhn I115] has even described most science 
(“normal science”) as consisting of puzzle solving 
(see “Introduction”). 

Many other problems in daily life, however, require 
“intelligent performance in natural situations,” which 
may be defined as “responding appropriately in 
terms of one’s long-range and short-range goals, giv- 
en the actual facts of the situation as one discovers 
them” [197]. Such abilities are tapped less well by 
current IQ tests. African natives who have never ex- 
perienced contacts to Western culture would thus re- 
act inappropriately to many test items [67]. 

New Approaches for a Better Understanding of Human 
Intelligence [197]. There are a number of approaches 
to explain how intelligent behavior develops and 
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how individual differences come about. For example, 
what are the basic cognitive processes that enable us 
to cope with our environment in an intelligent way? 
How important are basic processes such as short- 
and long-term memory, or complex phenomena 
such as language? Can we learn about these processes 
by constructing computer programs for solving pro- 
blems? Can we obtain more relevant information by 
observing individual behavior in natural environ- 
ments [34]? Many investigators are now emphasizing 
the interactions of internal and external factors in 
the development of the individual; here Piagefs ob- 
servations on children's gradual aquisition of logical 
concepts are influencing many psychologists. These 
attempts do not challenge the practical value of intel- 
ligence testing for predicting educational success; 
they do challenge its relevance for the comparison of 
groups. 

Family and Twin Studies for Assessing the Genetic 
Contribution to Normal Variability of Intelligence. 
When methods for measuring intelligence became 
available, pioneers in this field attempted to deter- 
mine whether and to what degree normal variability 
was influenced by heredity or environment. The Zeit- 
geist before and after World War I was very much in- 
fluenced by the eugenics movement (Sect. 1.8). Galton 
had impressed on many scientists the idea that intel- 
ligence could be measured, and that statistical com- 
parison between close relatives could help to solve 
the age-old problem of how nature and nurture co- 
operate in creating intelligence. Siemens I215, 216] 
showed in 1924 that MZ twins can be readily distin- 
guished from DZ twins (Sect. 6.3); the twin method 
was quickly adopted and became the most cherished 
tool for this kind of research. 

Success in Schools. The most readily available re- 
search materials were school grades; from the point 
of view of intelligence testing they are a good indica- 
tor since they usually show a fairly high correlation 
with IQ test results. Moreover, school grades may 
have even higher validity since teachers observe their 
students for a long time [107]. Many studies show si- 
milarities in school grades between students and 
their parents and sibs and are generally consistent 
with a model of multifactorial inheritance. However, 
the data could also be explained in a different way. 
Parents who were themselves successful at school 
provide more help for their children - either directly 
by advising them in their homework and offering re- 
wards for success in school, or indirectly by provid- 
ing more opportunities for exercising cognitive abil- 
ities. 

Twin studies may help to distinguish environmental 
from genetic influences, but they suffer from the dif- 
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Fig. 15.8. Average differences in school grades among 60 MZ 
(32 d, 289) and 41 DZ (20 d, 219) DZ twins from Germany. 
(From Frischeisen-Kohler 1930 [60]) 



ficulties discussed in Sect. 6.3. Figure 15.8 shows the 
differences in school grades in 60 MZ and 41 DZ 
twin pairs from Germany [58]. The differences in 
MZ are only half as large as in the DZ twins. These 
results seem to indicate an appreciable genetic com- 
ponent in school performance. However, even at this 
relatively low level of sophistication, other results 
cast some doubt on this explanation. A Finnish study, 
for example, found a substantial difference in school 
performance between DZ and MZ twins only among 
males, not among females [107]. Did the teachers 
treat girls differently from boys? 

Data such as school grades are not sufficiently criti- 
cal. At the time when these studies were carried out, 
twins were usually kept together in the same class. 
Deceiving the teacher about their identity is a popu- 
lar trick among MZ twins. Shall we really believe 
that their grades were always assigned independent- 
ly? More objective methods are necessary. 

Intelligence Tests in Families and Twins. Genetic stu- 
dies with intelligence tests have been carried out on 
a very large scale. Bouchard and McGue (1981) [14] 
collected 111 investigations comprising 526 samples 
of individuals with different degrees of relationship, 
among them 47 series with parent-child comparisons, 
71 comparisons between sibs, 41 series with DZ twins, 
and 37 series with MZ twins. These results are not 
discussed in any detail here, as critical analyses of re- 
cent years have uncovered errors in reporting, and 
many of the data were biased, mainly in favor of a 



Behavioral Genetics in Humans 641 



Fig. 15.9. Distribution of differences in IQ points 
between MZ and DZ twins from three series. Note 
that some MZ pairs show very large differences. 
(From Stocks 1930 [224]) 




high genetic component of the described variability 
[no, 238]. 

The lowest correlations were obtained in unrelated 
individuals and the highest in identical twins. The 
rank order (from lowest to highest) of these data 
was as follows: unrelated individuals < parents- 
adopted children < parents-children = sibs < DZ 
twins < MZ twins. This result is, of course, compati- 
ble with the hypothesis that the variability measured 
by the IQ test scores has a strong genetic component. 
The question is whether other hypotheses can be 
convincingly excluded. Before discussing various 
kinds of evidence we should examine the actual dis- 
tribution of differences usually found in such studies 
between MZ and DZ twins. Figure 15.9 shows the 
pooled differences in IQ points from three studies. 
Twin pairs showing no difference are certainly more 
frequent among MZ than among DZ pairs. However, 
the number of MZ pairs that are quite different is by 
no means negligible. This finding shows that genetic 
factors cannot be exclusively responsible for the 
variability found in the population. 

Heritability Estimates. The concept of heritability was 
introduced in Sect. 6.1 using another quantitative and 
measurable trait - stature - as an example. There the 
following observations are made: 

a) Given certain assumptions, the theoretical corre- 
lations between relatives can be derived from 
MendeTs laws and the Hardy-Weinberg Law. 
Heritability can be analyzed by comparing these 
theoretical correlations with those empirically ob- 
served. Thus the heritability concept has a foun- 
dation in Mendelian genetics. 



b) Heritability assessment is genetic analysis at the 
phenotypic-statistical level. The genes determin- 
ing the measurable trait cannot be identified, and 
it is not possible to make any specific inferences 
regarding their number, mode of inheritance, or 
mode of action. 

c) Even an exact quantitative assessment of heritabil- 
ity requires a number of assumptions that can sel- 
dom be tested using human data, such as random 
mating with respect to the trait examined and the 
absence of correlation or interaction between ge- 
netic and environmental influences. The methods 
may be refined by considering assortative mating 
or by including environmental - for example, so- 
cioeconomic - factors in the calculation. Includ- 
ing such factors, however, creates new problems. 
Appendix 5 deals with the problem of analyzing 
heritability from twin data. 

d) An unbiased estimate of heritability from twin 
data is not possible theoretically. Three different 
means of analysis have been proposed: (i) com- 
paring MZ with DZ twins (/if), which may overes- 
timate or underestimate heritability depending on 
some assumptions; (ii) comparing MZ twins with 
control pairs taken from the twin sample and mat- 
ched by age and sex (/if), which overestimates her- 
itability since the correlation of environmental in- 
fluences on MZ twins is neglected; and (iii) calcu- 
lating /if from the intraclass correlation coeffi- 
cient. The latter method is in most cases the least 
adequate. It may overestimate or underestimate 
heritability depending on assumptions regarding 
common environmental influences on MZ and 
DZ twins, biases due to the age distribution in 
the twin sample, differences in socioeconomic 
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background of MZ and DZ twins, and others. This 
least adequate method has been almost exclusively 
the one which has been used for heritability esti- 
mates from twin studies. 

c) Another possible shortcoming in the twin method 
is that it treats twins as an otherwise unbiased 
sample of the population for which conclusions 
are to be drawn. However, twin pregnancies as 
well as the twin situation during childhood and 
youth create special conditions that might bias 
the results. With these limitations, what conclu- 
sions can be drawn from existing data? 

Twin Study on Swedish Conscripts. Husen (i960) [93] exam- 
ined all Swedish male twins born between 1928 and 1933 who 
were inducted for military service between 1948 and 1952; 
there were 215 MZ pairs and 416 DZ pairs. A number of tasks 
common in standard intelligence tests were tested (such as 
finding synonyms, distinguishing concepts, and complement- 
ing of matrices; similar to the Raven test). For whole series 
the intraclass correlation coefficients for the tests used were 
0.90 in MZ and 0.70 in DZ pairs. The test-retest reliability va- 
lues were 0.92-0.93; This means that the difference between 
MZ twins in hardly larger than that between two successive 
examinations of the same individuals. Husen’s paper does 
not provide heritability estimates, which we therefore supply 
(Table 15.4). At first glance the values seem very high; how- 
ever, the correlations between DZ twins are also relatively 
high. This finding results in a large discrepancy between hf, 
on the one hand, and hi and h^, on the other, as defined in 
Sect. 6.3 and Appendix 5. Table 15.4 also contains recalculated 
heritability estimates based on data from series of twins 
reared apart (see below). Differences between the various 
heritability estimates are indeed amazing even considering 
the small sample sizes in these series. This indicates that the 
statistical assumptions (Appendix 5) on which such estimates 
are based may strongly influence the outcome. This is often 
neglected when such results are discussed. Most correlations 
between same-sexed sibs that have been reported in the lit- 
erature are much lower. Another Swedish twin series by Hu- 
sen [94] comprised 268 MZ and 360 DZ pairs of school age 
and used a series of school performance tests. The study 
found correlations between MZ and DZ of the same order of 
magnitude as those in the conscript study. 

Twin Performance on IQ Test Is Lower Than That of 
Singletons. Both Swedish studies showed still an- 
other interesting result. The average test scores of 
twins were significantly lower than the scores of 
nontwins; among the conscripts this difference 
amounted to about one-fourth of one standard de- 
viation; in the school children who were about 12- 
13 years old, the difference tended to be even larger. 
In Sect. 15.2.1.2 we noted that twins were found in 
unexpectedly high frequency among children attend- 
ing special schools for backward children. This 
higher frequency is explained by a lower mean IQ 
level in twins. This is caused in part by biological 
influences, especially the intrauterine “transfusion 



syndrome” of MZ twins (Sect. 6.3.4) since it can 
also be found when the co-twin had died [151]. How- 
ever, in Husen’s series, DZ twins still performed on 
average more poorly than MZ twins, contrary to ex- 
pectations if the reason were predominantly biologi- 
cal in origin. A possible socioeconomic alternative 
is that the incidence of DZ births but not that of 
MZ births increases with the age of the mother and 
with parity. It is probable that not only somewhat 
older mothers but also mothers with higher fecund- 
ability have a higher probability of giving birth to 
DZ twins (Sect. 6.3.3). It is well known that at the 
time when Husen’s twins were born, women from 
higher socioeconomic strata had fewer children 
than those from lower strata. The latter apparently 
practiced less birth control and relied more on their 
“natural fecundability,” therefore, they had a higher 
probability of giving birth to DZ twins. As a result 
DZ twins tended to come from a somewhat lower 
socioeconomic group than MZ twins and the non- 
twin population. Whatever the reason, individuals 
from lower social strata tend to perform less highly 
on IQ and cognitive tests. 

Is there a possible environmental explanation for the 
twin correlations? DZ twins, being of the same age, 
normally spend more time together and tend to be 
exposed to more similar environmental influences 
than sibs of different ages. Therefore, if they are 
more similar in their test results, these environmental 
influences should be of importance. However, we 
know from a number of studies [265] that MZ twins 
tend to have much closer relationships than DZ 
twins: “they are often eager to do the same things, 
to help each other, not to compete with each other, 
and to be similar in most aspects.” If MZ twins really 
behave so differently from DZ twins, and if differen- 
ces in behavior between DZ twins and the genetically 
equivalent sibs of unequal ages lead to remarkable 
differences in their test score correlations, should 
smaller differences in test scores of MZ compared 
with DZ twins not also be related to their peculiar si- 
tuation? This question could be answered by finding 
an experimental design that separates the genetic in- 
fluence from the special effect of the twin situation. 

MZ Twins Reared Apart. In theory, the ideal probands 
for such studies are MZ twins who were separated 
immediately after birth, and who have been reared 
in different environments. The first observations 
were published in 1922 by Popenoe [180] and in 1925 
by Muller [147]. In spite of their different envi- 
ronments, one twin pair, Jessie and Bessie, were very 
similar in intelligence, both achieving above-average 
scores. Their feeling tones and temperaments, on the 
other hand, differed, and this could plausibly be ex- 
plained by their respective biographies. 
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Table 15.4. Heritability calculations and intraclass correlations in MZ and DZ twins reared together and reared apart 



Reference Psycholo- 
gical test 
variable 

tp) 


No. of 
pairs 

M 


SD of 2rj 
indivi- 
duals 
( 0 ) 


Intrapair 

correla- 

tion 

(fp) 


Intrapair 

variance 


Heritability 

fit 


hi 


hi 


^ £ 




Husen 


IQ (see 


MZT 215 


30.48 


0.894 


98.11 




0.675 


0.382 






(1960) 


text) 


DZT 416 


31.90 


0.703 


302.32 


- 


±0.039 


± 0.057 


_ 




[99] 
























Newman. 


Binet 


MZS 


i9 


23.55 


0.637 


201.1 


0.637 


0.679 


0.182 


0.785 


0,662 


et al. 


mental 


MZT 


50 


29.5 


0.922 


67.9^ 


±0.136 


±0.099 


± 0.097 


±0.100 


+ 0.171 


(1937) 


age 


DZT 


50 


35.4 


0.831 


211.8^ 












[159] 


Binet IQ 


MZS 


19 


13.00 


0.670 


55.84 


0.670 


0.697 


0.540 


0,727 


0.518 






MZT 


50 


17.3 


0.910 


26.9'' 


+ 0.126 


± 0.093 


±0.174 


±0.128 


±0.244 






DZT 


50 


15.7 


0.640 


88.7^ 














Otis score 


MZT 


50 


20.7 


0.947 


22.7" 


_ 


0.750 


0.294 


„ 


_ 






DZT 


50 


21.3 


0.800 


90.7" 


- 


± 0.077 


±0.106 


- 


- 




Otis IQ 


MZS 


19 


13,58 


0.727 


50.42 


0.727 


0,789 


0,602 


0.714 


0.603 






MZT 


50 


16.0 


0.922 


20.00“ 


±0.108 


±0.065 


±0.179 


±0.137 


±0.201 






DZT 


50 


15J 


0.621 


94.6" 














Stanford 


MZS 


19 


23.47 


0.502 


274.1 


0.502 


0.657 


0.144 


0.910 


0.847 




educat. 


MZT 


50 


30.5 


0.955 


41.9" 


±0.172 


±0.106 


± 0.067 


± 0.040 


± 0.077 




age 


DZT 


50 


32.3 


0.883 


122.1* 












Shields 


Dominoes 


MZS 


37 


9.02 


0.758 


19.68 


0.758 


- 


_ 


-0.095 


0.065 


(1962) 


intell. test 


MZT 


34 


8.33 


0,735 


18.40 


± 0.070 


- 


- 


± 0.454 


+ 0.352 


[213] 


Mill Hill 


MZS 


3S 


5.75 


0.741 


3.566 


0.741 


- 


- 


0.004 


0.522 




vocabul. 


MZT 


36 


3.98 


0.742 


4.097 


±0.073 


- 


- 


±0.403 


±0.176 




scale 























MZS = Monozygotic twins separated; 

MZT = Monozygotic twins 1 1 . .i_ 

reared up together. 

DZT = Dizygotic twins J r & 

h] = rpMzs (unbiased estimate of if ^zs “ ^)* 

hj = 1-V^(MZT)/V^(DZT), SE (hj) calculated by Eq. A 5.14^ 

hi = 2(rpMZT “ ^p,dzt)> ^E (hj) calculated by Eq. A 5.16^ 



^(1)- 



;s) /(I- 



s) (estimate of rj 



£,MZT h MZS ■ 



0; see Eq. 5.2^ 



^ Recalculated by the formula = cr''(i - r^). 
^ See App. 5. 



S.E.(r<») = ^ ~ /(I + ’-p>Mzrf ^ + '‘p.mzs)' 

1 “ ^P,MZS V ^MZS 



Newman et al. (1937) [159]). 



f = 1 - V7(MZT)/V7(MZS) (estimate of 
SE (r^^) calculated by Eq. 5.l4^ 



' if r p 



; = 0; see Eq. 5.9^ 



It is obviously very difficult to find such twin pairs, 
but four series of cases are available in which an at- 
tempt to ascertain relatively unbiased twin series 
was successful: Newman et al. (1937) [159] in the 
United States, Shields (1962) [213] in the United 
Kingdom, Juel-Nielsen (1965) [106] in Denmark, 
and Bouchard et al. (1990) [16] in the United States. 
The older literature usually cites an additional ser- 
ies, that of Burt. There is now evidence that these 



data appear to have been fabricated by the au- 
thor. 

Newman et al. compared 19 MZ pairs who had often been 
separated during infancy, but never after the age of 6, with 
50 MZ and 50 DZ pairs reared together. The ages at the time 
of examination was 11-59 years. Every pair was given a care- 
ful biological and psychological examination. Table 15.4 com- 
pares heritability estimates with those of two other studies, 
they were recalculated from the originals. The heritabilities 
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in each of the series are high, although not as high as for MZ 
twins reared together. What are the reasons for the differen- 
ces? Is it possible that they are correlated with known en- 
vironmental factors? 

In Newman’s study, the differences between the conditions in 
which the twins had been reared were estimated by five ob- 
servers and classified by separate scoring scales with a maxi- 
mum of 50 points each for educational, socioeconomic, and 
physical (i.e., health) advantages. The twin who stayed in 
school longer and generally had a better educational score 
also tended to have better test scores. The correlation be- 
tween education and IQ scores (0.79) was significant. A lower 
correlation (0.51) was found with social background and a 
still lower one (0.3) with health status. 

One case report illustrates possible environmental differen- 
ces. Alice and Olive were born in London and were separated 
at the age of 18 months. Alice’s foster parents lived in Lon- 
don; Olive was adopted by relatives who lived in a small Ca- 
nadian town. The separation lasted to the age of 18; examina- 
tion took place about 1 year later. Alice’s foster parents were 
classified as lower-middle class; they had four daughters of 
their own who were much older than Alice. She went to 
school until the age of 14, took an 18-month business training 
course, and started working in business offices. Her parents 
were not able to provide her with much care; due to World 
War I the quality of her school education was rather poor. 
Olive, on the other hand, grew up as the only child in a fa- 
mily that was better off than Alice’s. She was spoiled by her 
parents; she attended grade school, took a 2-year commercial 
course equivalent to high school, and worked as an office 
clerk, as her sister. There was a significant IQ difference, 
Alice having a value of 84.9, whereas Olive scored 96.9. The 
sister who had lower educational opportunities thus had a 
definitely lower score. Alice and Olive were very similar in 
temperament, although Olive was more active and domineer- 
ing. In a separate chapter of their book, Newman et al. ex- 
plain part of the IQ difference by the fact that the test was de- 
signed for American students and was therefore “not quite 
fair for an English girl.” 

The second study (Shields 1962 [213]) used only two 
short tests, one verbal and one nonverbal synonyms 
section (set A) of the Mill Hill vocabulary scale and 
the (nonverbal) Dominoes test. The calculation of 
heritability (Appendix 5) was impaired by lack of 
control DZ pairs; the other data have been recalcu- 
lated. 

The 12 twin pairs observed by Juel-Nielsen (1965) 
[106] were between 22 and 77 years of age at the 
time of investigation. Their ages at separation ranged 
between 1 day and 5V4 years. They were tested exten- 
sively using the Wechsler-Bellevue (W-B) intelligence 
scale and Ravens’ progressive matrices. On both tests 
a marked similarity was found between the test 
scores achieved by the twin partners. The correla- 
tions coefficients between the co- twins’ scores for 
W-B values were as follows: total IQ, 0.62; verbal IQ, 
0.78; performance IQ, 0.49; Raven raw scores, 0.79. 
As explained in Appendix 5, these intraclass correla- 
tion coefficients are heritability estimates and, more 



specifically, estimates of h^. Intelligence testing was 
repeated on nine pairs; the time between the two ex- 
aminations varied, the average being 12 months and 
minimum of 6 months. The correlation between the 
first and second test scores, i.e., the test-retest relia- 
bility, was smaller than the difference between co- 
twins. This means that the study revealed real differ- 
ences in test intelligence between twins of MZ 
pairs. 

Due to an unfortunate shortage of information on DZ 
controls - such controls are scanty in the Shields 
study and absent from the Juel-Nielsen study - herit- 
ability was estimated mainly from the intraclass cor- 
relation coefficients (/z|). As explained in Appendix 5, 
this may introduce a bias in favor of a spuriously 
high estimate if the MZ sample comprises pairs of 
different ages, and if the characteristic to be tested is 
age dependent. In theory, intelligence tests are stan- 
dardized for age, and test scores should be age inde- 
pendent. In practice, however, this is not quite true; 
in addition, the age differences in each sample of 
MZ twins reared apart were unusually high. 

Each of these studies carried out intelligence testing 
only as part of a more comprehensive assessment of 
personality development in relation to environmental 
differences. In general, striking similarities despite 
these differences are stressed by the authors; the ob- 
served differences could often plausibly be accounted 
for by corresponding differences in educational op- 
portunities and environmental influences in gener- 
al. 

A recent (and as yet incompletely published) study 
examined 56 pairs of MZ and 30 DZ pairs who had 
been separated early in life (Bouchard et al. 1990 
[16]). At the time of first examination the average 
age of MZ pairs was 41 years (range 19-68). In addi- 
tion to interviews and a medical assessment, the 
twins were examined using numerous psychological 
methods, including intelligence tests and personality 
questionnaires. So far the overall impression is that 
of surprising similarity. On IQ, for example, a corre- 
lation coefficient of 0.7 has been reported, consistent 
with correlations found in twins reared together. Si- 
milarities in other scores such as those measuring in- 
formation processing and aspects of personality were 
found to be of the same order of magnitude as in MZ 
twins reared together. Hence, the results of this very 
comprehensive and careful study are in line with 
those of previous investigations. 

Overall Results of Studies on MZ Pairs Reared Apart. 
Altogether, MZ twins reared apart show a remarkable 
degree of similarity in intellectual performance, not 
only during childhood and youth but in mature life 
as well. It is greater than that normally observed be- 
tween sibs and even between DZ twins reared to- 
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gether. Differences in social status during childhood, 
educational opportunities, and later experiences in- 
fluence intellectual abilities to a certain degree and 
in some cases lead to appreciable differences. On the 
whole, however, the impression of similarity pre- 
vails. 

In view of some recent criticism of twin studies asses- 
sing intellectual abilities, it should be remembered 
that the authors of each of the above investigations 
were keenly aware of the limitations of their studies. 
Moreover, in their papers we find no preoccupation 
whatever with heritability measurements or with a 
numerical estimate of the relative contributions of 
heredity and environment on the variance of test 
scores. The Figures in Table 15.4 are ours, not theirs. 
The study of Bouchard et al. [16] examined the corre- 
lations between scores of MZ twins reared apart and 
of those reared together. 

Another study [178] studied 223 same-sex twin pairs 
in Sweden at an average age of 64 years and again 
3 years later (34 MZ and 78 DZ reared apart, 48 MZ 
and 63 DZ reared together). The study was performed 
between 1986 and 1991. Cognitive abilities were asses- 
sed in great detail; heritabilities were approx. 0.8, and 
there were no differences between twins reared apart 
and together. Comparing this result with heritability 
estimates from other twin studies, the authors con- 
cluded that the similarity in cognitive abilities tends 
to increase with age. This conclusion, however, 
should be regarded very cautiously. The Swedish po- 
pulation has enjoyed peaceful, stable, and comforta- 
ble living conditions for many decades; under these 
conditions major differences in living conditions 
might have been rare even for twins reared apart. 

In our opinion, the results of these studies support the 
view that in present white populations and under the 
environmental conditions of Western society in the 
twentieth century, genetic variability is responsible 
for an appreciable part of the variance in test perfor- 
mance on the usual intelligence tests. We make these 
statements realizing a variety of criticisms (see also 
[55, 238]). These include: 

a) The sampling process by which the twin pairs of 
these studies [16, 159, 178, 213] were ascertained 
may have created a bias in favor of similarity be- 
tween the twins and may, on the other hand, have 
induced them to exaggerate the degree of separa- 
tion in the information provided to the investiga- 
tors. 

b) Some of the twin pairs included in these studies 
were separated so late in life that common influen- 
ces during infancy may have helped to shape their 
attitudes. 

c) The homes in which they grew up were generally 
more similar than random homes. 



d) Some of the twins may have met during child- 
hood, for example, at school, so that the known 
mechanisms of mutual identification may occa- 
sionally have come into play. 

In view of these criticisms, some observers still deny 
any heritability of IQ [110]. When one considers only 
single studies of this sort, such skepticism may be 
warranted. We are impressed, however, by many dif- 
ferent lines of evidence suggesting that some deter- 
minants of IQ may have a genetic basis. It is quite 
clear that the available evidence does not permit ex- 
act measurement of the degree to which intellectual 
abilities in these populations is determined by genetic 
as opposed to nongenetic influences. One argument 
against generalizating such results from twin studies 
is always that twins do not represent a random sam- 
ple of the general population. Therefore other ap- 
proaches are needed. 

Studies on Adopted and Foster Children. The obvious 
alternative to avoid the problem of a correlation be- 
tween genetic and environmental factors is to con- 
duct studies on foster children and adopted children. 
For children living in foster homes the environmental 
influences are presumably randomized, leaving only 
the genetic variability of parents. In adopted children 
and children living with foster parents the genetic in- 
fluence of the biological parents can be compared 
with the environmental influence of the adopting par- 
ents [127]. 

The evidence from studies on adopted and foster children 
with foster parents was reviewed by Loehlin in 1980 [127]. 
The earliest studies were performed as long ago as in the 
1920s and 1930s. When the data were pooled they gave sub- 
stantially lower correlations in IQ between adopted children 
and their adoptive parents than between biological children 
and the same parents. These studies were criticized for var- 
ious reasons, and new studies were carried out in the 1970s. 
Three investigations carried out in the United States included 
more than 500 adoptive families, with nearly 800 adopted 
and about 550 biological children. All three yielded substan- 
tially the same result: Correlations between adopted children 
and adoptive parents were lower than those between these 
parents and their biological children (Table 15.5). In general 
the correlations were somewhat lower than in earlier studies; 
this was explained by a more restricted range of IQ values in 
foster families. 

One study compared adopted children with their biological 
mothers, from whom they had been separated as newborns. 
The correlation was surprisingly high (0.32), pointing to a 
substantial genetic contribution. 

Studies on adopted and foster children are subject to 
a number of unavoidable biases. On the one hand, 
adoption is definitely not carried out at random. 
Adoption agencies have the understandable tendency 
to place children in “suitable” homes. Therefore a 
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Table 15 . 5 . Parent-child and sib-sib correlations in IQ in three recent adoption studies (from Loehlin 1980 [ 127 ]) 



Study 


Adoptive children 


Biological children 


Biological mothers 
and their children 
adopted by other 
parents 


Sibs in adopt: 


ive families 




Fathers 


Mothers 


Fathers 


Mothers 


Biological 

-adoptive 


Biological 

-biological 


Minnesota I 
[202] 


0.15 


0.23 


0,39 


0.35 




0.39% 0,30^ 


0.42 


Minnesota II 
[202] 


0.16 


0.09 


0.40 


0.41 




-0.03 


0.35 


Texas 

[127] 


0.17 


0.19 


0.42 


0.23 


0.32 


0 .22% 0.29’^ 


0,35 



^ Adopted-adopted, ^ Correlation between adopted and biological “sibs.” 



correlation between foster children and foster parents 
is to be expected. On the other hand, some of these 
children spent the first year(s) of their lives with their 
biological mothers, reducing the environmental influ- 
ence of the foster parents. Moreover, couples willing 
to adopt children are not an unbiased sample of all 
parents in the population; their mean IQ is not only 
higher, but there is also a smaller variance [55]. This 
may lead to a lower correlation as a statistical artifact 
[65, 127]. 

On the whole, the limited evidence derived from all 
adoption studies may be summarized as follows. 
Both genetic and environmental factors influence the 
intellectual development of the child. Due to unavoid- 
able biases in the examined series, however, the rela- 
tive contribution of these influences cannot be esti- 
mated. 

In view of substantial expenditure in time and money 
on such studies, this conclusion is certainly disap- 
pointing. Current knowledge might well have led 
one to predict such a conclusion in advance. Al- 
though these investigations do not answer more spe- 
cific questions, they are valuable in providing possi- 
bly useful information on social and psychological 
aspects of adoption. 

Two different attempts have been made in recent years to 
overcome some of the methodological problems and to eluci- 
date the nature-nurture problem in IQ research by applying 
sophisticated statistical techniques and by including relatives 
of many degrees and with different degrees of similarity of 
the environment in the models. The Birmingham school 
used analysis of variance [ 102 ], and the Hawaii school ap- 
plied the principles of path analysis [ 141 , 142 ]. Both attempts 
have been severely criticized [ 238 ] because of the many as- 
sumptions that had to be made by each group of investiga- 
tors. 

Some Environmental Influences on Intelligence. Another quite 
different approach examined the influence on IQ, test perfor- 
mance of the position of sibs within their respective sibships 



[ 274 ]. There was a negative correlation between intelligence 
(as measured by a standard qualification test) and position 
in birth order among those aged about 17 years; those born 
later had lower test scores. This result was not due to the ef- 
fect of confounding variables such as socioeconomic status. 
Obviously this result cannot be due to genetic influence. Fur- 
ther support for environmental influences on IQ is the sub- 
stantial increase in scores over recent decades [ 225 ]. In addi- 
tional to improved educational conditions and environmental 
stimulation, better nutrition and less malnutrition, especially 
during childhood, should be considered a possible cause. As 
noted in Sect. 6 . 3 . 10 , mean height has increased over the 
same period, and mean age of menarche has declined - pre- 
sumably due to improved nutrition. 

What Does the Available Evidence Show Regarding 
Genetic Variability of Intelligence in the Normal 
Range? The answer is short: very little. With some 
stretching of the evidence for biases in sampling, sta- 
tistical evaluation, reporting, and interpretation of 
ambiguous results, and with some not too implausi- 
ble assumptions regarding environmental influences 
of biological and adoptive parents or the way in 
which MZ twins influence one another, it has even 
been asserted that genetic variability does not influ- 
ence IQ performance at all [116], i.e., that heritability 
is zero or very low [238]. 

This conclusion does not mean that a zero heritabil- 
ity is the most likely answer. Interpretation of the 
same data with different assumptions about biases 
has led other authors to the conclusion that heritabil- 
ity of IQ performance is as high as 0.8 [100, 101]. 
Most scientists, if asked for an educated guess, would 
probably settle on values somewhere inbetween, more 
because they dislike extreme points of view than be- 
cause of a strong conviction in favor of any positive 
evidence. 

If the same data lend themselves to such diametrical- 
ly opposite interpretations, the actual evidence must 
be “soft.” As the foregoing discussion has shown, 
clean experimental designs in humans are in most 
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cases unattainable. Genetic and environmental influ- 
ences in families are correlated; attempts to separate 
the two factors by examining adopted children suffer 
from nonrandomness of adoption. MZ twins living 
together influence one another in unpredictable ways 
that change with the cultural setting. MZ twins reared 
apart are often educated in homes with similar back- 
grounds. MZ twins tend to show differences in devel- 
opment due to peculiarities of twin pregnancy. 

The entire approach of measuring intellectual ability 
and determining the genetic and environmental con- 
tributions to its variance leaves us unsatisfied. Why? 

As geneticists, we are interested ultimately in analysis 
at the level of the individual gene. The absence of 
such data highlights the contrast between the two 
paradigms of human genetics: the biometric para- 
digm of F.Galton (1865, Sect. 1.3) and the gene concept 
of G. Mendel (1865, Sect. 1.4). These two paradigms 
are discussed in Sect. 6.1. The genetic analysis of in- 
telligence was long regarded by many research work- 
ers as the field in which Gabon’s paradigm scored its 
most impressive victories, while analysis on the lines 
suggested by Mendel seemed to be doomed to failure. 
The discussion in recent years that started with criti- 
cism of Jensen’s work on group differences and educ- 
ability [100] has exposed the weaknesses of the bio- 
metric paradigm so mercilessly that one can hardly 
imagine how it should survive. On the other hand, re- 
search on genetic variability in other, more easily ac- 
cessible fields of human genetics, as well as in popu- 
lation genetics of other species, has revealed an 
amazing amount of genetic variability in populations 
(Sect. 12.1). For example, no less than one-third of 
blood enzymes examined so far show genetic poly- 
morphisms, and the normal variants usually show 
slight functional differences within the normal range 
[78]. Studies on the genetic basis of common disea- 
ses, as well as the recent progress in pharmaco-and 
ecogenetics, are now increasingly revealing influen- 
ces of such normal genetic variability on the health 
status of the individual under varying environmental 
conditions. It is our contention that the genetic varia- 
bility of biological factors influencing intelligence 
and other aspects of human behavior is likely to be 
just as extensive. However, its phenotypic expression 
may be more complex than in somatic traits. The am- 
biguity of test results in revealing such genetic varia- 
bility may - at least in part - be caused by the insuf- 
ficiency of test methods rather than by the weakness 
of genetic influences on intelligence. But can a Men- 
delian approach replace current efforts? This problem 
is deferred to a later section. 

Paradigm Clash also in Psychology. The phenomenolo- 
gical and biometric approach associated with Gabon 
has by no means been undisputed among psycholo- 



gists concerned with problems of genetic variability of 
human behavior in general and intelligence in particu- 
lar. On the contrary, its shortcomings have been ex- 
plained for decades, and repeated attempts have been 
made to identify specific determinants of intelligence 
[71]. Such attempts have remained only partially suc- 
cessful (see, for example, attempts at relating intelli- 
gence to speed of information uptake [120, 201 a]), and 
considerably more work with attention to such compo- 
nents using a variety of approaches is sorely needed. 

Research on IQ and Politics. Adherents of a paradigm fre- 
quently form a group that also shares certain convictions 
that are not immediately connected with the scientific con- 
tent of this paradigm. Sometimes they even try to separate 
themselves socially from members of competitive groups. 
From more general experience in social psychology it is not 
very surprising that such tendencies lead to identify one’s 
own group as the “good guys” and condemn those of the 
other group as the “bad guys” - reactionary, politically 
authoritarian, antisocial, and altogether wicked. This attitude 
leads to proposals to curb certain kinds of research - and, at 
a slightly less “academic” level - to threatening certain inves- 
tigators physically or even destroying their research materi- 
als. 

Although we agree scientifically with much of the criticism of 
the biometric approach, we wish to stress that we are fiercely 
opposed to such politics. The work in theoretical and empiri- 
cal analysis that has been carried out in recent years in the 
context of the biometric paradigm [101] has been useful. It 
has explored the inherent possibilities of this approach and 
- largely inadvertently - exposed its limitations. 



15.2.1.4 Special Cognitive Abilities and Personality 

Special Cognitive Abilities. Most of the debate regard- 
ing intelligence is centered around the overall out- 
come of the intelligence test - the IQ. However, most 
modern tests consist of a number of subtests. Scores 
on these subtests are positively correlated in the 
same individuals. However, this correlation is far 
from complete; the sub tests measure partially inde- 
pendent abilities. For example, the Wechsler test con- 
sists of verbal and performance subtests. One special 
ability that shows a relatively low correlation with 
the other scores is that of visualizing spatial relation- 
ships among objects (Sect. 15.2.2). It is not surprising 
that twin and family studies have also been carried 
out using such sub tests [45]. So far, however, no con- 
sistent differences in heritability between such sub- 
tests have emerged. The hope that this approach 
would reveal more basic abilities that are not subject 
to the problems of heredity- environment interaction 
has not been fulfilled. 

Intelligence Is Not Everything. Almost since the time 
that the IQ test first became popular it has been ob- 
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vious that for achievement in school and university, 
and still more so in professional fields, other qualities 
are required in addition to intellectual ability. Terman 
et al. [239, 240] (see also [166]) performed a lon- 
gitudinal study on individuals selected at school age 
as especially gifted. Many of them were unusually 
successful professionally, but some were not; in the 
unsuccessful group personal instability was much 
more frequent than in the successful group. 

Twin Data for Temperamenty Sensory and Motor 
Functions, and Personality. Abundant literature is 
available on twin studies regarding temperament, 
sensory and motor functions, and personality. Most 
of the methods that psychologists generally use have 
also been applied to twins in the search for genetic 
variability in these parameters. Almost all of these 
studies had the same result: MZ are more similar 
than DZ twins [13, 62, 131, 249]. A number of attempts 
have been made to classify the observed variability, 
the best known of which are those of Cattell and his 
school [31-33] and those of Eysenck [52-54] using 
the method of factor analysis. From correlation clus- 
ters of a great number of single test scores - such as 
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DRIVE MENTAL RESPONSIVENESS FEELING TONE 



Fig. 15.10. Concordance and discordance in ratings for drive, 
mental responsiveness; and feeling tone in juvenile MZ pairs, 
DZ twin pairs of same sex, and DZ pairs of different sex; ob- 
servations in holiday camps. (From Geyer and Gottschaldt 
1939; see [71]) 



questions in a personality questionnaire - Cattell iso- 
lated a number of factors that were interpreted as ba- 
sic dimensions of personality. Eysenck [52], also on 
the basis of personality questionnaires, distinguished 
three main dimensions of personality: extraversion, 
neuroticism, and psychoticism. Such studies were 
useful for conceptualization in psychology, and Ey- 
senck’s studies helped to focus attention on the rela- 
tionship between behavior and brain function. So 
far, however, no definite and specific conclusions on 
genetic mechanisms have emerged. 

Longitudinal Study of Twins. The most comprehen- 
sive picture of the effect of different environments 
on genetically identical individuals is the prospective 
study of the life histories of MZ as compared with 
DZ twins. Obviously, the investigator who plans such 
studies must begin early in his or her career and 
must occupy himself or herself with this project again 
and again over an entire lifetime. Few investigators 
are prepared to do this. However, one twin study 
was carried out for over 40 years by the same investi- 
gator, and since his death has been continued by oth- 
ers [71, 72]. (Technical terms used here to describe 
personality characteristics, such as mental respon- 
siveness, are those indicated to us by the team of psy- 
chologists involved in these ongoing studies; 
F.E.Weinert, personal communication.) 

Gottschaldt and coworkers organized two holiday 
camps for twins on the island of Norderney, Germa- 
ny, in 1936 and 1937. In these camps they examined 
136 twin pairs aged 4-18 years for several weeks. The 
program consisted of a great number of systematic 
observations and tests that included not only intelli- 
gence tests but also tests of sensory and motor ability 
and behavior in more complex situations, such as 
searching for hidden objects. The investigators took 
great care to avoid the typical “test situation” and to 
create a socially relaxed climate between twins and 
examiners. A diary was kept on each participant. 
This approach comes close to the controlled observa- 
tion recently suggested by the ethnologist Charles- 
worth [34] for research on intelligence. It also en- 
abled the investigators to assign scores for qualities 
such as drive, mental responsiveness, and feeling 
tone (Fig. 15.10). 

Data obtained by comparing the ability to learn by ex- 
perience were of interest. Pairs of colored figures that 
occurred in changing orders had to be connected by 
pencil. After 50 s, the experiment was stopped and the 
number of connected pairs counted. The experiment 
was carried out twice a day for 5 weeks. It produced ty- 
pical learning curves, with an initial increase and a 
plateau that was reached after different times; this 
speed in increase of performance differed characteris- 
tically between MZ and DZ twins (Fig. 15.11). The test 
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Fig. 15 . 11 . Difference (in minutes) between MZ and DZ twin 
pairs in learning speed (reaching of a certain learning level 
in a 50 -min experiment). Each point represents one twin 
pair; see text for further details. (From Wilde, cited in Gott- 
schaldt 1939 [ 71 ]) 



Table 15 . 6 . Results from a longitudinal study of 20 MZ twin 
pairs (from Gottschaldt 1968 [ 72 ]) 



Mean age 


1937 

11.7 years 


Early 1950s 
23.3 years 
(20.3^31) 


1968 

41.5 years 
(34,9-46) 


Capacity for in- 
formation uptake 


+ + 


+ + 


+ + 


Abstract thinking 


+ + 


+ + 


+ + 


Mental attitudes 
(range of interest; 
appraisal of own 
situation) 


+ + 


( + ) 




Internal mood 


+ + 


+ 


- 


Mental responsi- 
veness 


+ + 


+ 


- 


Control 


+ + 


+ 


- 


Volitional Mind set 


+ + 


- 


- 



+ + , Strong concordance; + , weaker concordance; ( + ), 
doubtful concordance; — , no concordance. 



results confirmed in all cases the greater similarity of 
MZ as compared with DZ twins. 

The investigators used many tests of their own con- 
struction, thus making comparability of their data 
with other studies difficult. Their approach, however, 
gives a much more comprehensive, if less well-quan- 
titated, picture of the development of MZ versus DZ 



twins. Unfortunately, such results do not permit dis- 
entanglement of the effects of the special environ- 
mental conditions from genetic effects. 

However, some of these twins could be re-examined 
three times: in the 1930 s, the early 1950 s, and the 
late 1960 s; a fourth round of examination is now in 
progress. During the course of the study the up- 
heavals of World War II led to thorough changes in 
life-style, and the ongoing study provided an excel- 
lent opportunity to examine the behavior of MZ 
twins under such conditions. 

Table 15.6 gives an overview of the results of three 
examinations. Two groups of abilities usually consid- 
ered important as the basis of formal intelligence, 
i.e., capacity of information uptake and abstract 
thinking, remained concordant well into middle age. 
Some pairs became more different, others more simi- 
lar. A certain concordance up to their 20 s is found in 
their internal mood; here definite differences became 
apparent in middle age, and these could plausibly be 
correlated with life histories and life experience. For 
the other characteristics - volitional control and level 
of aspirations, mental attitudes, and range of interest 
- the striking concordances that were seen in child- 
hood tended to weaken in their 20s and to disappear 
when they reached middle age [72]. 

The examination of MZ twins in adult age revealed 
striking differences. These were visible not in the 
abilities normally described as “intelligence” but in 
mental attitudes, mind set, volitional control, and in- 
ternal mood. These discordances were confirmed 
partially in another longitudinal twin study in Ger- 
many that was carried out at about the same time 
and on twins that were somewhat older when the 
war ended in 1945 [266]. This study distinguished 
three classes of MZ twins on the basis of their life ex- 
periences: (a) A class of especially gifted and success- 
ful twins who were relatively discordant for personal- 
ity and life experiences; apparently such individuals 
had a wide range of choices among different life- 
styles. (b) The largest group, with about average in- 
telligence and performance, remained relatively con- 
cordant for personality and life experiences up to 
middle age and in some cases until old age. Their 
choices in life were more restricted by convention, 
(c) A class of twins with below-average success 
turned out to be rather discordant for personality 
and life experiences. In this class the course of their 
lives seems to have been determined largely by acci- 
dent. 

One could argue that these two studies give an exag- 
gerated picture of the possible differences in psycho- 
logical development of MZ twins and hence of the 
plasticity of personality characteristics in the face of 
differing environmental influences. World War II and 
its aftermath brought changes in life-style to these 
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study population, including displacement from 
homes and occupations, interruption of education, 
and loss of close relatives. Whether and how a nor- 
mal life could be reestablished was often a matter of 
luck. Very probably, higher concordances between 
twins would have been maintained had the living 
conditions been more normal. The newer studies 
mentioned above on adult MZ twins reared apart 
[16] who grew up in the relatively regular and com- 
fortable conditions of the contemporary United States 
appear to show many more similarities at various 
psychological levels even in middle age. For example, 
small idiosyncratic gestures such as frequent volun- 
tary coughing, body postures, body speed, and other 
gestures were very similar. More recently a longitudi- 
nal study on somatic and psychological development 
of twins has started in Louisville, USA. Here the 
twins are being examined at relatively short time in- 
tervals from birth onward [272]. During the first 
2 years of their lives MZ twins, but to a surprisingly 
high degree also DZ, were found to be highly concor- 
dant both for mental development and for the spurts 
and lags in development. 

Possible Consequences for Educational Policy. Educa- 
tional thinking is traditionally centered around chil- 
dren of school age and young persons. However, 
twin investigations have shown increasing differences 
in mental attitudes, volitional control, and mind set 
between MZ twins in mature life. These findings sug- 
gest that there are great potentials for mental and 
emotional development that our society does not uti- 
lize sufficiently. Would it not be a good idea to spend 
more money and ingenuity on educational opportu- 
nities for adults? Could this help them achieve more 
fulfillment and happiness? Could the society as a 
whole overcome some of its future problems more ef- 
ficiently by such approaches? Recent trends in adult 
education, which started in the United States to occu- 
py the educational establishment in the face of de- 
clining enrollments of young persons because of the 
falling birth rate, will be observed with much interest. 

75 . 2 . 7.5 Behavior and the Genetics 
of Human Sensation 

Genetics of Scent Differences CVlfactogenetics'') [9]. 
An interesting aspect of human individuality con- 
cerns differences in odor. It has been stated that police 
dogs are unable to differentiate the scents of identical 
twins. Presumably the characteristic scent of an indi- 
vidual is under the control of genes that determine 
the secretion of chemical substances from the skin. 
These substances give off a distinct scent for each in- 
dividual. Scents are undoubtedly also influenced by 



diet and by the bacteria of the skin. However, it ap- 
pears likely that the microbial flora of the skin de- 
pends largely on the genetically determined biochem- 
ical makeup of the various compounds secreted in 
dermal sweat. It has been shown in mice that the abil- 
ity to sniff differences in odor depends upon the Hi 
locus - the analog of the HLA complex in man [9]. In 
these ingenious experiments mice that were genetical- 
ly identical except for differences at the Hi locus were 
able to detect scent differences between each other. 
These studies also showed that mice prefer mating 
partners that differ at the Hi locus, which is an inter- 
esting evolutionary strategy to promote genetic diver- 
sity. It appears that the Hi locus (and possibly the hu- 
man HLA locus) is a major genetic determinant that 
imparts a characteristic smell to each individual. The 
pathway from genotype to phenotype is unknown. 
HLA studies in various types of poorly delineated hu- 
man anosmias (not associated with nervous system 
diseases) such as anosmia for isobutyric acid 
(207000) and anosmia for cyanide (304300) would 
be of interest. It has also been claimed that the sup- 
posed presence or absence of the odor of urinary as- 
paragine metabolites is caused by the fact that some 
persons are unable to smell a urinary metabolite that 
is always present after eating asparagus [124]. It was 
previously thought that there was a polymorphism in 
urinary excretion of a metabolite (108400). Molecular 
studies on the olfactory system of the rat are begining 
to elucidate the molecular basis of olfaction [25]. Fig- 
ure 15.12 shows the olfactory neuroepithelium of a 
mammal. Sensory neurons have receptors that bind 
with various “smelling” substances and send specific 
impulses to the brain. Figure 15.12 B depicts a part of 
this pathway. The receptors are coded by a great num- 
ber, probably hundreds, of gene receptors belonging 
to a large gene family. In any one sensory neuron 
only a few (approximately 25) of these genes are ex- 
pressed; the olfactory epithelium of one individual 
comprises a great number of such neurons with dif- 
ferent specificities, which are caused by differences in 
their amino acid sequences. The arrangement of this 
system is reminiscent of the immune response 
(Sect. 7.4). In both instances a specific reaction to a 
great variety of different impacts from the external 
world is required; the challenge is met in a similar 
way: by multiplication and diversification of genes. 
The olfactory system is one of an increasing number 
of examples in which a genetic mechanism has been 
elucidated not by analysis of genetic variants but by 
direct access to specific functional cells. 

Visual Perception. The human eye is among the best 
studied organs. Many hereditary diseases are known 
involving either the eye alone or the eye within the 
context of a more complex pleiotropic pattern. This 
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Fig. 15.12 a, b. The olfactory neuroepithelium and a pathway 
for olfactory signal transduction, a The olfactory neuroepi- 
thelium. The initial events in odor perception occur in the 
nasal cavity in a specialized neuroepithelium that is diagram- 
med here. Odors are believed to interact with specific recep- 
tors on the cilia of olfactory sensory neurons. The signals 
generated by these initial binding events are propagated by 
olfactory neuron axons to the olfactory bulb, b A pathway 
of olfactory signal transduction. In this scheme, the binding 



of an odorant molecule to an odor-specific transmembrane 
receptor leads to the interaction of the receptor with a GTP- 
binding protein G^(olf). This interaction in turn leads to re- 
lease of the GTP-coupled a subunit of the G protein, which 
then stimulates adenylyl cyclase to produce elevated levels of 
cAMP. The increase in cAMP opens cyclic nucleotide-gated 
cation channels, thus causing an alteration in membrane 
potential. (From Buck and Axel 1991 [25]) 



reflects the complex embryonic development of the 
eye, which is determined by many genes and there- 
fore gives rise to many different possibilities for dis- 
turbance. The invention of the ophthalmoscope by 
Helmholtz in the middle of the nineteenth century 
made possible a thorough study of the inner eye. 
Some ophthalmologists such as Waardenburg and 
Franceschetti were early pioneers in describing and 
classifying hereditary eye diseases. Discovery of color 



vision defects and their X-linked mode of inheritance 
also are among the early achievements of human ge- 
netics. Hereditary eye diseases, however, are not dis- 
cussed here. We confine ourselves to genetic and mo- 
lecular aspects of the primary light receptors, the 
cones and rods in the retina, and their defects. 

Genetics of Color Vision (see also [143, 152, 153]. The 
cones and rods have different functions in light per- 
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ception. The rods function principally in dim light 
when light intensity is low and are found mainly in 
the periphery of the retina. The cones, on the other 
hand, are concentrated more in its center. There are 
three types of cones: those sensitive to short waves, 
medium waves, and long waves, often referred to as 
blue, green, and red cones, respectively. These have 
overlapping spectral ranges, each with a peak of max- 
imum absorption (Fig. 15.13). Each cone type is 
unique by its conversion of light of a certain wave 
length into a subjective color experience in the brain. 
The gene for blue pigment is autosomal on chromo- 
some 7q3i; the red and green genes are located as a 
gene complex near the tip of the long arm of the 
X chromosome (q28). 

The color vision pigment genes and rhodopsin are evolutio- 
narily related. An ancestral gene coded for the precursor 
gene of several G protein coupled receptors including 
olfactory, | 3 -adrenergic, serotonin, and muscarinic acetylcho- 
line receptors. Very early in evolution this ancestral gene de- 
veloped into the rod pigment gene specifying rhodopsin (see 
below) and a single cone pigment gene (Fig. 15.14). Some 
500 million years ago the blue gene and a single middle 
wave sensitive, undifferentiated (green/red) pigment gene di- 
verged; vision at this stage was dichromatic. About 30 million 
years ago the red and green pigment genes differentiated by 
duplication and allowed trichromatic color vision, which is 
shared by humans and Old World monkeys. These evolutio- 
nary events are reflected in the similarities of various visual 
pigment genes. Green and blue pigment genes share 44 % of 
their amino acids while green and red pigment genes are 
almost identical (98% homology). 

Every human male has a single red gene, but there is a 
numerical polymorphism for the green genes, and in- 
dividuals with one, two, three, or more green genes 
exist [46 a]. The red gene is located upstream (5') 
from the green gene(s). If there are several green 
genes, it appears that only the most proximal (5') 
one is expressed in the retina [272 a]. The close homo- 
logy of the red and green pigment genes make them 
prone to illegitimate recombination and causes either 
deletions of the green gene or leads to the production 
of green-red or red-green fusion genes (Fig. 15.15). 
The common color vision defects in the vast majority 
of cases are therefore caused by such recombinational 
rearrangements. Point mutations as the cause of color 
vision defects are quite rare [272b]. 

There are two principal classes of common color 
vision abnormalities: severe dichromatic and milder 
trichromatic defects. In dichromatic color vision the 
cones for either red color perception (protanopia) or 
green color perception (deuteranopia) are functional- 
ly absent, and color vision is mediated by two rather 
than by three cone types. In trichromatic defects all 
three pigments (blue, green, and red) are active, but 
there is a slight shift in the absorption maximum of 




wavelength (nm) 

Fig. 15.13. Absorption spectra of visual pigments with maxi- 
ma of 426 nm for blue, 530 for green, and 552 and 557 nm 
for the two types of red pigment (Ala/Ser polymorphism). 
Note overlap between range of absorption spectra for the dif- 
ferent pigments. The blue pigment is specified by an autoso- 
mal (7q3i) gene while the green and red pigments are speci- 
fied by a X-linked gene (Xq28). (From Passarge 1995 [170]) 



time 



ancestral gene 



years 




Fig. 15.14. Evolution of visual pigments. Rhodopsin and the 
blue-green-red pigments share a common ancestor. Differen- 
tiation of red and green pigments occurred about 30 million 
years ago after the division between New World and Old 
World monkeys. Humans and the higher apes have virtually 
identical red and green pigment sequences. (From Passarge 
1995 [170]) 



the red visual pigment (protanomaly) or of the green 
pigment (deuteranomaly). Color perception is most 
severely compromised in dichromatic protanopes 
and deuteranopes who cannot discriminate between 
red and green color. Deuteranomalous and protano- 
malous individuals exhibit more subtle anomalies 
with weakened rather than absent color discrimina- 
tion. Color discrimination by color-defective indivi- 
duals may be fairly adequate in practical life, even 
among dichromats who score as grossly abnormal in 
color vision test systems (see [143]). 

Color vision defects are usually detected by various plate 
tests requiring color discrimination of numbers or shapes 
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Deuteranopia 



b 




Deuteranomaly 



Normal color vision 



d 






Protanopia 



Protanomaly 

Fig. 15.15. A Normal arrangement of red and green color 
vision pigment genes. Note one single red pigment gene and 
one, two, three (or even more) green pigment genes. 

Fed; i green. B Typical pigment gene ar- 

rangements among males with different types of red-green 
color vision defects. These defects are caused by unequal 
crossover between the highly homologous pigment genes to 
produce deletions or fusion genes (green-red or red-green). 

Green-red hybrid gene; red-green hybrid 

gene, a Subjects with a single red pigment gene lack green 
pigment and are therefore dichromats (having ‘‘blue” and 
“red” instead of “blue”, “red” and “green” cones). Their 
more severe color vision defect is known as deuteranopia. 
b Subjects with green -red fusion genes have a milder type of 
color vision defect known as deuteranomaly. They are tri- 
chromats with a slightly shifted absorption maximum of the 
green pigment, c The green-red fusion gene is not expressed 
when located in a more distal position in the array with re- 
sultant normal color vision. d>e Subjects with red-green fu- 
sion genes either have the more severe dichromatic protano- 
pia (d) or the milder trichromatic protanomaly with a slight 
shift of maximum absorption of the red pigment gene (e). 
The Ser/Ala polymorphism of the red pigment gene (posi- 
tion 180) largely determines whether the color vision defect 
expresses as protanopia or protanomaly (see Deeb et aL 
[44a] and text) 




(Ishihara or American Optical, Hardy Rand Ritter plates). 
Definitive assignment of the various kinds of color vision de- 
fects requires quantitative anomaloscopy based on standar- 
dized color matching. 

The genetic basis of dichromatic deuteranopia lies in 
the absence of the green pigment gene(s) due to dele- 



tion, while green-red fusion pigments are associated 
with deuteranomaly. However, green-red fusion genes 
located in a more distal position are not expressed 
and are therefore not associated with deutan abnorm- 
alities. Among the six exons of the red and green pig- 
ment genes, exon 5 is the most important for spectral 
tuning and for differentiating red from green pig- 
ment function since two of the three residues that ac- 
count for the spectral difference between the red and 
green genes are located in this exon. Red-green fu- 
sion pigments are characteristic of both protanopia 
and protanomaly. A red-green fusion gene without 
additional green genes manifests as protanopia 
[44 a]. A serine/alanine polymorphism at position 
180 of the red portion of the fusion gene largely de- 
termines phenotypic expression of protanopia (if 
there is serine at position 180) or protanomaly (if 
there is alanine at this site). 

Abnormalities of the blue pigment gene manifest as 
so-called tritan defects and are caused by amino 
acid substitutions at the autosomal blue pigment 
gene. These are much rarer than red/green color vi- 
sion abnormalities (at most, 1:500). 

Deuteranomaly is the most common defect in white 
populations (4%-5% of males) while the frequency 
of the other defects (protanopia, protanomaly, deuter- 
anopia) is about 1 % each; 8 % of males are thus color 
vision defective. The total frequency of the various 
red-green color vision defects in non-European po- 
pulations is significantly lower (around 3%-5%) and 
is accounted for largely by a lower frequency of deu- 
teranomaly. The common occurrence of color vision 
defects appears to be due largely to unequal crossover 
(Sect. 5.2.8) in this highly homologous multigene 
complex. The high frequency of deuteranomaly 
among whites is unexplained, and the role of selec- 
tion remains undefined (see Sect. 14.2.6). 

A serine/alanine polymorphism of the red pigment 
gene is of great interest for normal variation of color 
vision since males with normal color vision who car- 
ry the serine variant of the red pigment gene perceive 
red color as a deeper red than those who carry ala- 
nine at that site [272 c]. Serine at position 180 has 
been found among 62% of whites, 84% of Japanese 
and 80 % of African-Americans. This X-linked poly- 
morphism had been suspected for some years since 
minor differences in color matching had been ob- 
served some time ago [267]. In vitro spectroscopic 
studies of red pigments with either serine or alanine 
at position 180 showed a difference of 4-5 nm [135 a], 
consistent with the phenotypic findings detectable in 
vivo by anomaloscopic color matching (Fig. 15.16). 
This finding clearly demonstrates the role of a simple 
polymorphism in explaining variation in sensory 
perception and can be considered a model for such 
processes. Each individuaFs external world is prob- 
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Match midpoint (red/red + green) 



Fig. 15.16. Effects of serine/alanine 
(position 180) polymorphism of “red” 
photoreceptor (50 color vision normal 
male subjects). Note bimodality of 
color matching midpoints between 
serine vs. alanine carriers. (From 
Windericks et al. 1992; [272 c]) 



ably perceived differently depending upon his or her 
genes! 

Female heterozygotes with various red-green color vision de- 
fects (about 15% among whites) usually have normal color 
vision, but minor abnormalities can often be detected by spe- 
cial testing. Skewed X chromosome inactivation causing col- 
or vision defects is more common in one of a pair of female 
MZ twins [102 a]. In such instances the X chromosomes car- 
rying the normal color vision allele appear to be completely 
inactivated. (See Sect. 2.2.3 for mosaic structure of retinal 
cones in heterozygotes.) 

Heterozygotes with a protan defect in one of the X chromo- 
somes and a deutan defect on the other usually have normal 
color vision since normal red and green cone function is pre- 
served by the normal color vision alleles. However, com- 
pound heterozygotes for deuteranopia and deuteranomaly 
(in trans position) manifest phenotypically with a less 
severe deuteranomaly as expected on molecular grounds. 
Analogous findings are observed for compound heterozy- 
gotes for protanomaly/protanopia. 

Blue cone monochromacy is a rare defect with complete ab- 
sence of both red and green cone function [154]. A critical 
regulatory area is located 3.4 kb upstream from the transcrip- 
tion start of the red pigment gene [269]. This locus control 
region is analogous to its counterpart at the hemoglobin lo- 
cus and normally regulates red and green gene pigment 
expression [221]. Its deletion in some cases of blue cone 
monochromacy abolishes both red and green pigment func- 
tion [154]. Other cases are caused by missense or nonsense 
mutations in a single red pigment gene or in a single red- 
green fusion gene that render their gene products nonfunc- 
tional. In such cases a point mutation in a preexisting abnor- 
mal gene arrangement inactivates red and green pigment 
function. Progressive retinal dystrophy may occur in blue 
cone monochromacy. This is presumably due to unknown 
mechanisms analogous to the cone degeneration that occurs 
with rhodopsin mutations in autosomal-dominant retinitis 



pigmentosa (see below). In contrast, the various common 
color vision defects are not associated with any ophthalmolo- 
gical abnormalities. 

The Rods; Hereditary Diseases Due to Genetically Ab- 
normal Rhodopsin. Rhodopsin is the photoreceptor 
protein of rod cells. It is the most abundant protein 
in the disk membranes of outer segments of rods. 

The receptor consists of seven helices that are located in the 
cellular membrane, establishing a connection between its 
outside and inside (Fig. 15.17) and a binding pocket for 11-cis 
retinal. Upon photoexcitation rhodopsin changes its confor- 
mation. This leads to activation of a G protein, transducin, 
which then activates cGMP phosphodiesterase, leading to a 
reduction of cGMP, closure of cation channels in the plasma 
membrane, and initiation of the neural signal. The phos- 
phorylated and photoactivated rhodopsin is then bound by 
arrestin; this binding terminates activity of the receptor in 
the signal transducing process. The amino acid sequence of 
rhodopsin is known, and the gene has been isolated [152]. 
Different parts of the surface region of rhodopsin are impor- 
tant for interaction with transducin, the enzyme rhodopsin 
kinase, arrestin, and 11-czs retinal. 

After gene and protein were identified, a genetic eye 
disease was often found to be caused by mutations 
in rhodopsin: autosomal-dominant retinitis pigmen- 
tosa (180380) (See below for description of the dis- 
ease). The rhodopsin gene (RHO) has been localized 
to 3q2i-q24. Since the first point mutations were 
shown to cause dominantly inherited retinitis pig- 
mentosa [47, 135], a great number of other mutants 
have been described that affect various parts of the 
rhodopsin molecule [48]. Several dozen mutations 
have been identified. As in other genes, transitions 
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Fig. 15.17. Schematic model of human 
opsin. Circled amino acids, altered by 
mutations in patients with autosomal 
dominant retinitis pigmentosa. (From 
Sokoloff et al. 1992 [220]) 



Cytoplasm 



HOOC-A® A@Q STETkSVTaS*^„ 

rNCM *- 

.QQQe - 



KKklr 



I 

P L N 



' V V V Y 



N 

H 






L * 

aL 






dAA 

, M F 



A I E ” 
* V*- 



0^, 



N ' 



I 

glut' 

= A V 

A"© 






W 



A 

L 

Y. 



^VF©^ 



I 



Y 

I F 
pM 

pT 

V 
Y 

PV* 



J 






N 



N 



^®Y Y T L K pE 

^Q P ye F®SBV 
Ac-N-M NGTEGPNFVVppS 

glycos. 



QKa 

ifE 

r E K 



Q 

K 

N 



P 

t" n 

T K 
J G 
C G 






F 

T 

H 



I 



rA 
n A 



:U 



Outer 

Segment 

Membrane 



QG sN 



Intradisc a I space 



(especially those occurring in CpG dinucleotides) are 
more common than would be expected if point muta- 
tions occurred at random (see Sect. 9.3). Study of 
DNA haplotypes around identical rhodopsin muta- 
tions in retinitis pigmentosa shows unique patterns 
pointing to independent mutational events [48]. Fig- 
ure 15.18 shows one pedigree. 

Meanwhile, mutations in other genes have also been 
shown to cause autosomal-dominant retinitis pig- 
mentosa, as well. At least five additional such genes 
may exist, including the peripherin/RDS gene on 6p 
(170710) and gene loci on yp, yq, 8, and at least one 
more locus [116]. However, in about one-half of all 
pedigrees with the autosomal-dominant form of this 
disease the affected gene has not yet been demonstra- 
ted. 

Genetic Heterogeneity. The common term retinitis 
pigmentosa is used for a group of progressive retinal 
dystrophies with the common characteristics of night 
blindness, defects of the peripheral visual field, reti- 
nal pigment deposits, a characteristic electroretino- 
gram, and in its end stages blindness. 

The disease may show autosomal-dominant, X-linked, 
or autosomal-recessive inheritance. With a popula- 
tion prevalence of 1:4000, retinitis pigmentosa is 
one of the most common causes of blindness among 
the middle-aged in industrially developed countries. 
According to a study conducted in the United States 
[17], about 84% of cases exhibit autosomal-recessive, 
10 % autosomal-dominant, and 6 % X-linked recessive 
inheritance. Since at least two genes for the X-linked 
type have been localized, it can be expected that the 
specific mutations leading to these varieties of the 
disease will be known in the future. 
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Fig. 15.18. SSCP analysis of family no. 6976 (Pro-171 -> Leu). 
Sequence analysis revealed that the variant band (C) seen in 
the affected individuals in this family is due to a C ^ T sub- 
stitution in codon 171. No DNA was available from the mid- 
dle, unaffected brother. (From Dryja et al. 1991 [48]) 

Why Does Autosomal-Dominant Retinitis Pigmentosa 
Occur? Once a mutation within the gene for a func- 
tional protein has been identified, the pathogenic 
mechanism of the resulting disease can often be ex- 
plained. It is difficult, however, to explain why rods 
in retinitis pigmentosa degenerate over a lifetime. A 
defect present at birth would be easier to explain. 
Among 18 mutants [48] 3 are located in the cytoplas- 
mic site of the protein [230] (Fig. 15.17), 7 in trans- 
membrane domains, and 8 at the intradiscal side. 
Many of these amino acid replacements (not all) are 
expected to alter the tertiary structure. But why 
should such anomalies lead to degeneration of photo- 
receptors? One hypothesis is that such structurally al- 
tered rhodopsin molecules are less easily transported 
from their site of synthesis - the rod inner segment - 
to the pigment epithelium which is the normal site of 
their degradation. Instead, they are retained in the in- 
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ner segment, where they cannot be catabolized. This 
may over time lead to a “clogging” process which 
kills the rods [48]. More recently genes from this re- 
ceptor gene family have been shown to be transcribed 
in olfactory receptor neurons; second messengers are 
formed upon stimulation with appropriate odorants 
(see [153]). 

Tasting: the Role of Gustducin, Certain substances that 
stimulate taste receptor cells are organized in groups 
of 40-60 to form the taste buds in the taste papillae 
of the tongue. There are different molecular mechan- 
isms for tasting of sweet, sour, bitter, and salty. A re- 
cently discovered, taste-cell specific G protein shows 
sequence similarities with the transducins involved 
in rhodopsin-mediated light sensitivity [134]. Mole- 
cular studies of the sensory receptors are revealing 
that the heptahelical configuration of rhodopsin and 
the retinal cone receptors is shared with olfactory 
and some neurotransmitter receptors, pointing to a 
common verly early origin in evolution [270]. 

As noted for color vision polymorphisms, human 
beings perceive their environment slightly differently 
depending upon their genetic makeup. The taste of 
phenylthiocarbamide is a genetic trait; some persons 
cannot taste it at all. Color vision varies in that, de- 
pending upon the specific color vision gene make- 
up, some persons see colors differently or not at all. 
Tone deafness exists, and some persons are unable 
for genetic reasons to recognize different tones, so 
that they have poor musical ability [109]. The coun- 
terpart - high musical ability - seems to aggregate 
in families. Information processing in the brain var- 
ies. Dyslexia is a genetic trait and presumably repre- 
sents a defective ability to process words by the cen- 
tral nervous system [167]. 

These examples are presumably only the tip of the ice- 
berg, and many more polymorphic differences in sen- 
sory perception (taste, smell, vision, hearing) un- 
doubtedly exist. Each person therefore probably per- 
ceives his or her environment somewhat differently; 
each probably has his and her different external world. 
Our reactions to this uniquely perceived environment 
may therefore differ, and variability in behavior may 
result. The marked similarity of even trivial behavior- 
al characteristics observed in identical twins reared 
apart [130] may be a partial consequence of their per- 
ceiving the environment in an identical manner. 

75 . 2 . 7.6 "Abnormal" and Socially Deviant Behavior 

''Criminality.” (We are keenly aware of the fact that 
“criminality,” i.e., conviction by a court for a beha- 
vioral deviation regarded as “crime,” strongly de- 



pends on the value system of a society.) Since Lange 
(1929) [117] published his monograph on Crime as 
Fate, a number of studies have compared MZ and 
DZ twins for concordance in “criminal” behavior 
[62]. The relevant information is collected in 
Fig. 15.19. The most important conclusions may be 
summarized as follows: 

a) Concordance is higher between MZ than between 
DZ twins in all series, in many series considerably 
higher. 

b) Absolute concordance between MZ twins varies 
between series. There is a tendency to higher con- 
cordance in older investigations. 

The main reason for these differences in concordance 
rates is the range of criminal offenses covered by 
these investigations. For example, Lange’s original 
series was selected for severe and repeated convic- 
tions, whereas the more recent series, for example 
those from Denmark, tend to refer to all types of 
“criminality,” including occasional and smaller offen- 
ses. 

Taken at face value these results suggest that the lia- 
bility to become a convicted offender depends strong- 
ly on the individual’s genetic endowment, with partic- 
ularly striking effects for severe and repeated “crimi- 
nality.” This conclusion, if verified, might elicit either 
of two responses by society: to isolate law offenders 
as biologically deviant or to consider them as sick 
and attempt quasimedical therapy. However, we must 
be cautious in accepting these MZ concordances as 
proving genetic influence before social interaction 
between members of these twin pairs is excluded as 
an alternative interpretation. On the other hand, 
could such social interaction be the only important 
factor? This also seems unlikely. Again, we are left 
with the ambiguity of results from twin data. 

Studies on adoptees are of some interest [43, 95, 205]. 
One study examined adoptees who were at least 
18 years old (the oldest was 47) and had been adopted 
following the mother’s conviction for felony, prostitu- 
tion, larceny, or other offenses; sufficient information 
on fathers was not available. With three exceptions 
they were adopted by persons unrelated to them. A 
control group of adoptees was matched for sex, race, 
and age at the time of adoption. The most important 
results are presented in Table 15.7. There was a signif- 
icantly higher risk of arrests, incarceration, and psy- 
chiatric hospital records among the proband group 
than among controls. Structured psychiatric inter- 
views, while showing no other difference between 
the proband and control groups, led to the diagnosis 
of “antisocial personality” in 6 of 42 cases of the pro- 
band group but in only one questionable case of the 
42 controls. On the other hand, detailed case histories 
gave evidence for an influence of environmental fac- 
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Fig. 15.19. Concordance rates of MZ and DZ twins for “criminality” - as defined by court conviction - in studies from various 
populations. (From Fuller and Thompson 1978 [63], and some additions) 



tors on the manifestation of antisocial behavior. Five 
of the six antisocial probands spent over 12 months 
in orphanages and temporary foster homes before 
adoption and were put up for adoption when already 
over 1 year of age; most of the other probands had 
been placed earlier. Socioeconomic status of the 
adoptive homes was not correlated with the outcome. 
However, among the six homes in which the antiso- 
cial probands were placed, two were broken homes. 
In the control group adverse environmental influen- 
ces, such as late adoption, were also found in some 
cases, but here they did not result in abnormal beha- 
vior. On the other hand, in five of the six cases diag- 
nosed as antisocial personality, the alleged father 
was said to have also had records of offenses. 

This study succeeded in a distinguishing genetic and 
environmental factors fairly clearly. The results point 
to genetic influences. However, the development of a 
manifestly deviant personality also required unfavor- 
able environmental conditions. Even the first year of 
life seems to be important, in accordance with other 
results from child psychology. On the other hand, 
the majority of children overcome unfavorable envi- 
ronmental conditions without recognizable ill effects; 
only a presumably genetically predisposed group re- 
acted by developing a deviant personality. It is com- 



Table 15.7. “Criminality” in adoptive children, records fol- 
low-up (from Crowe 1974 [43]) 



Probands,* Controls, 



Arrest records 
Adult arrest 
Adult conviction 



^ ^ 37 n = 37 

7 2 

7 1 0.03*^ 



Incarceration 

Juvenile'' 

Adult 

Either 



M = 42 n-42 

3 0 

4 0 

6 0 p = 0.01 



n = 42 

Psychiatric hospital records 
Number hospitalized 7 

Outpatient only 1 

Total number seen 8 

Number with both psychia- 6 
trie and arrest records 



n = 42 

1 

1 

2 p- 0.04 
0 p= 0.01 



* Mothers convicted of felony, prostitution, larceny and other 
offenses. 

^ Probabilities are Fisher’s exact, one-tailed. 

One juvenile was actually ascertained through hospital re- 
cords and was sent to the training school shortly there- 
after. 
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forting that a majority of adoptees developed nor- 
mally. 

In another study [95], psychiatric records of biologic 
relatives of psychopathic adoptees revealed a higher 
incidence of psychopathy than among adoptive rela- 
tives and controls. (Psychopathy was defined here ac- 
cording to the American definition, which is more re- 
strictive than the European, comprising mainly anti- 
social behavior.) A third study [205] found biological 
relatives of “criminal” adoptees to have a higher rate 
of “criminality” than adoptive relatives and biologi- 
cal or adoptive relatives of control adoptees. How- 
ever, “criminality” in an adoptee was correlated inde- 
pendently with “criminality” in both biological and 
adoptive parents. This study thus also gave evidence 
for genetic as well as environmental influences. 

As noted, subnormal intelligence and aggressiveness 
may be associated with a missense mutation in a 
monoamine oxidase gene (MAO) [22]. This observa- 
tion suggests a specifically localized and defined 
gene associated with “criminal” behavior. Further 
studies are required to confirm these data, with spe- 
cial reference to better and more detailed definition 
of the nature and range of behavioral manifestation 
in affected subjects. 

Homosexuality. Kallmann [108] examined concor- 
dance of homosexual behavior in 95 male twin pairs, 
44 MZ and 51 DZ. He classified the degree of homo- 
sexuality using a scale of six grades according to Kin- 
sey. Grades 1-4 indicate low degrees, 5-6 high degrees 
of homosexual behavior. The probands were taken 
from court files; hence they were selected for conflict 
with the law. Concordance between MZ twins was re- 
ported to be very high; there was not even one pair in 
which the other twin was completely free of homo- 
sexual tendencies. Of the 51 DZ pairs, on the other 
hand, 38 proved to be completely discordant in spite 
of the fact that low-grade homosexual behavior 
(grades 1-4) is fairly common in the American popu- 
lation (Kinsey). 

One obvious argument against the genetic interpreta- 
tion of the high MZ concordance is the possibility 
that one twin seduced the other to homosexual activ- 
ities. This, however, does not seem to be so: all twins 
denied emphatically any sexual relationship with 
their co-twin. It did happen occasionally that a twin 
introduced his co-twin to another sex partner. As a 
rule, however, homosexual behavior is reported to 
have developed independently. Concordance between 
MZ twins was much more specific than indicated by 
concordance figures. Most pairs played similarly ac- 
tive or passive roles in homosexual relationships. 
Concordance has also been observed in an MZ pair 
reared apart [49]. Other authors have subsequently 
described discordant MZ pairs, and the literature is 



now giving the impression that concordance for 
homosexuality in MZ twins is higher than in DZ 
twins but by no means complete. Pooled data from 
recent studies on homosexual males (e.g., [5, 176]) 
give a concordance rate of 57% for MZ twins, 24% 
for DZ twins, and 13% for brothers [122]. Female 
homosexuals - who had been neglected in earlier stu- 
dies - showed 50% concordance in MZ and 13% in 
DZ twins (see also [6]). As in other fields of human 
behavioral genetics, the interpretation of such twin 
data is difficult [29]. 

Segregation and linkage studies may help to elucidate 
biological factors predisposing to homosexuality. A 
study of 114 families found a tendency to same-sex 
orientation in brothers and in maternal uncles and 
cousins, but not in paternal relatives. A linkage study 
with X-linked DNA markers using the sib pair meth- 
od (Sect. 5.1.3) indicated significant linkage with mar- 
kers at Xq28 [77]. This result was confirmed in an ad- 
ditional series. 

Neuroses. We do no attempt here a review of the 
many studies on twins’ families and adoptees in 
which aspects of neurotic or otherwise abnormal be- 
havior have been investigated [76, 96, 98, 169, 203, 
218]. Especially interesting are intensive parallel stu- 
dies on MZ twins with psychological and psychoana- 
lytic methods - in cases in which either one or both 
twins showed neurotic behavior [60]. Concordance 
in neurotic symptoms is in generally higher among 
MZ than among DZ twins. Within these limits, how- 
ever, development of abnormal behavior, especially 
the specific symptoms of a neurosis, depends on the 
familial situation, which might be quite different 
even for MZ. Here, again, observation of MZ twins 
over decades has proven especially instructive [145, 
146]. 

Eating Disorders: Anorexia Nervosa and Bulimia [80]. 
In the affluent Western society two eating disorders 
have become common in recent decades: anorexia 
nervosa and bulimia. Both are observed mainly in 
adolescent girls and young women, but they also oc- 
cur in older women and, very rarely, in men. Patients 
with anorexia nervosa eat too little; this leads to ex- 
treme leanness and may over time cause death by 
starvation. Bulimia is the tendency to go on a binge 
of uncontrolled eating; often the ensuing weight gain 
is prevented by self-induced vomiting or by the use 
of laxatives. Limited twin data are available for both 
conditions [88, 112, 204] and show a higher concor- 
dance in MZ than in DZ twins. Family studies on an- 
orexia nervosa show family aggregation [89, 227]. On 
the other hand, the increased prevalence in Western 
society suggests an important environmental compo- 
nent - probably related to ideals of slimness, difficul- 
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ties in accepting the female sex role, and other psy- 
chological influences [186]. Sometimes symptoms of 
both anorexia and bulimia occur in the same patient. 
Anorectic patients often suffer from depression, ob- 
sessive-compulsive neurosis, and occasionally drug 
addiction and schizophrenia. The results of epide- 
miological and genetic studies show individual differ- 
ences in liability that may lead to outright disease if 
combined with certain environmental conditions. 
Further studies with reference to normal eating ha- 
bits and body weight variation may be helpful [80] 
since even MZ twins reared apart are fairly concor- 
dant regarding body weight [228]. 

Gilles de la Tourette Syndrome. This syndrome was 
originally described as early as 1885 [66] but it has 
found much attention in recent years. The major 
symptoms are repeated, involuntary fast muscular 
movements (“tics”) and inappropriate vocal utteran- 
ces. These symptoms appear in childhood and often 
continue throughout the person’s life time, although 
they may also disappear in adult age. Some patients, 
especially women, develop obsessive-compulsive dis- 
order. Concordance in MZ twins is high (approx. 
80% when all manifestations of the syndrome are 
considered) [181]) family studies reveal an impressive 
accumulation of secondary cases within these 
families [40, 173]. The data are compatible with the 
presence of a dominant, major gene with incomplete 
penetrance and variable expressivity; the spectrum 
of manifestation appears to include obsessive-com- 
pulsive disorder [40]. However, many nonhereditary 
cases (phenocopies) appear to exist; only a minority 
of families of probands with obsessive-compulsive 
disorder also contains Tourette syndrome patients 
[173]. Extensive linkage studies have so far failed to 
localize a gene [172]. While typical cases can easily 
be diagnosed, delineation of the syndrome and diag- 
nosis of atypical cases is controversial. 

15.2.2 Chromosome Aberrations 

and Psychological Abnormalities 

The studies discussed in Sect. 15.2.1 were carried out 
using classical methods of comparison between twins 
and other relatives. Such investigations can separate 
out genetic from environmental influences only with 
difficulty, and never unambiguously, even with twins 
reared apart or adoptees. Genetic analysis remains at 
the phenotypic-biometric level; no individual gene 
action can be identified, and the biological mecha- 
nisms that cause behavioral variation remains unex- 
plored. This approach has been compared with the 
attempt to understand the way in which a clock 
works by applying statistics on the movements of its 



hands [56]. To solve the riddle of the clock’s mech- 
anism one must open it and examine its clockwork. 
How can this be done? 

Human Chromosome Aberrations and Behavior: Pos- 
sibilities and Limitations. Patients with chromosome 
aberrations usually show, along with many other 
findings (Sect. 2.2.2), behavioral abnormalities, which 
may be mild or severe and may affect all carriers of 
an aberration or only some of them. For our analysis 
they offer the unique opportunity to relate the beha- 
vioral abnormality to an independently ascertained, 
undisputable, and clearly defined genetic cause. Un- 
fortunately, however, opportunities for a more inci- 
sive analysis are exhausted with this statement at the 
present state of our knowledge. Chromosome aberra- 
tions influence embryonic development in multiple 
and ill-defined ways. With improved knowledge of 
the genome - localization of genes and their interac- 
tions and regulation during embryonic development 
- gene action will be analyzed in a stepwise manner 
(Sect. 8.4.3) [51]- Even at the present state of our 
knowledge, however, much work can be carried out 
at intermediate levels of analysis. For example, the in- 
fluence of brain morphology, endocrine abnormality, 
and more indirect social and psychological influences 
on behavior can be examined. 



75.2.2.7 Autosomal Aberrations 

Down Syndrome. Most unbalanced autosomal aberra- 
tions lead to multiple and severe malformations 
(Sect. 2.2.2) that also affect the brain, causing severe 
mental deficiency. Down syndrome is the most com- 
mon of these abnormalities observed after birth. The 
range among IQ of Down patients is between 20 and 
60; the median is 40-50. Many such persons can be 
educated to read and write, and some can learn to 
make a marginal social adjustment. The vast majority 
are unable to function on their own in society. 
Deficiencies of psychomotor development are promi- 
nent during the first years of life. The children learn 
to walk only at 3 years of age and remain clumsy 
[30]. Early motor training improves abilities in other 
fields, for example, language. Intellectual abilities of- 
ten are those of 4-year-olds, and abstract thinking is 
lacking. Most patients learn basic social skills such 
as dressing, eating without help, and toilet use. So- 
cially they are often friendly and cheerful [175] but 
temper tantrums may occur especially in boys during 
puberty. In social interaction there is a lack of sensi- 
tivity to the emotional needs of others and of keeping 
necessary distance in personal space. Behavior of 
young men toward women may therefore be wrongly 
interpreted as having sexual intent. As a rule, girls 
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with Down syndrome have fewer problems. Patients 
kept within families develop better than those institu- 
tionalized in early childhood. 

One adult patient - a son of teachers - has written an auto- 
biography [91], which is interesting for its revelation of the 
inner world of such children. Some situations are described 
fairly vividly and even with some sense of humor, but even 
the slightest attempts at abstraction are lacking. The father 
in his two social roles as father and as teacher is not clearly 
identified as the same person. 

Intellectual abilities tend to decrease as early as the 
third decade of life, and this is often accompanied by 
gradual loss of social abilities and mood deteriora- 
tion [128]. These findings are the signs of Alzheimer 
disease, which develops prematurely in Down syn- 
drome during the third or fourth decade of life and 
appears identical in its pathological findings (amyloid 
deposits) to classical Alzheimer disease [129]. 

Social Problems. Patients with Down syndrome are now sur- 
viving longer than formerly when infections could not be 
controlled. Many reach adulthood, and they can be educated 
to achieve a certain degree of self-reliance within protected 
surroundings. When given the chance to select a partner of 
the other sex, they may even develop stable and satisfying re- 
lationships, usually within an institutional framework. 

15.2.2.2 Aberrations of the X Chromosome 

Numerical and structural aberrations of the X and 
Y chromosomes generally lead to much milder dis- 
turbances in embryonic development than do autoso- 
mal aberrations (Sect. 2.2.3). Many somatic abnorm- 
alities found in these syndromes are related to abnor- 
mal sexual development. The psychological distur- 
bances are less overwhelmingly severe and may 
sometimes be specific. 

Klinefelter Syndrome. The standard karyotype of Klinefelter 
syndrome is XXY; other karyotypes as well as mosaics occur 



(Sect.2.2.3.1). Adult patients average a few centimeters taller 
than their normal brothers; especially their legs are longer 
in relation to overall stature. This growth abnormality can 
be observed as early as in childhood; at the age of puberty 
the subnormal sexual development becomes obvious: the tes- 
ticles are small, and there is aspermy so that these patients 
are infertile. They are, however, capable of sexual intercourse. 
Many of their psychological symptoms can be explained by 
their diminished androgen production, which is normally re- 
quired for the expression of male-specific psychological de- 
velopment. 

The patients show on average slightly reduced intelli- 
gence, with special difficulties in learning how to 
read and write. Their vitality and ability in establish- 
ing social contacts is often reduced. Table 15.8 pre- 
sents data on the IQ of patients with Klinefelter syn- 
drome compared with other anomalies of the X and 
Y chromosomes. The mean is shifted to below the 
norm; data from unselected probands range between 
88 and 96. However, IQ values well above average 
are not rare. On the other hand, Klinefelter syndrome 
has been found more often in series of mildly mental- 
ly subnormals. The literature reports do not un- 
animously support a well-defined, specific defect of 
mental abilities [278]. 

School problems are more frequent than expected 
from intellectual ability and seem to be caused by be- 
havioral problems. Adult patients often hold unskil- 
led jobs; success in higher professional careers has 
been reported but seems not to be very common. 
Psychiatric reports on the personalities of Klinefelter 
patients show a variety of deviations from the norm 
[278]. Their behavior has been described as passive- 
aggressive, withdrawn, self- contented, and mother- 
dependent, but they have also been characterized as 
quiet and law-abiding citizens who do not attract at- 
tention. The libido is usually reduced and may be 
lacking completely, but in some patients it is normal. 
Some patients have no erections and no ejaculations; 
other have intercourse, but generally only rarely. If 



Table 15.8. IQ in patients with abnormal numbers of sex chromosomes (Moor 1967, Pena 1974; from Lenz 1983 [121]) 
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sexual activity is present, it usually fades out early - 
at about the age of 40. On the other hand, a fair num- 
ber of patients live in stable marriages. 

Many of the patients, however, do have difficulties in 
coping with the normal requirements of life; all too 
often they find themselves in a kind of outsider posi- 
tion. Therefore it is not surprising that they are more 
often found among law-offenders than in the general 
population [160, 243]. Table 15.9 shows their frequen- 
cies in two series of law-offenders [273]. Criminal 
patterns and activities are not specific; however, 
white-collar crimes are almost completely lacking, 
probably due to reduced average intelligence. In a re- 
cent study of limited but unbiased data, Klinefelter 
patients turned out to be no more frequent among 
law-offenders than XY men of the same intelligence 
and educational achievement [273]. 

Klinefelter Variants. Variants of Klinefelter syndrome with 
more than two X chromosomes or with more than one Y are 
discussed in Sect.2.2.3.2. Many of the patients described in 
the literature were ascertained in institutions for the mentally 
retarded. Table 15.8 presents IQ data; the severity of mental 
deficiency increases with the number of X chromosomes. 
Data from psychiatric studies in mosaic Klinefelter patients 
are scanty. 

Therapy and Prevention. Male hormone leads to in- 
creased virilization and improvement of libido; this 
therapy has been recommended to start at about the 
age of 10-11 [164]. Part of the favorable psychological 
effect may be due to the virilization, but an addition- 
al, direct effect on brain function is possible. Symp- 
toms that can be described as “climacteric,” such as 
moodiness, nervousness, and psychasthenia, seem to 
disappear. However, in some cases, hormonal therapy 
seems to enhance restlessness and aggressive tenden- 
cies. When a personality has developed over many 
years under abnormal internal conditions, additional 
hormone injections cannot normalize the long-estab- 
lished psychological and social behavioral patterns. 
Psychotherapy is useful in many cases. Psychiatrists 
and psychotherapists should be aware of the various 
psychological symptoms in Klinefelter syndrome 
that have been described and order a chromosome 
study to rule out the condition. In a few longitudinal 
studies, the XXY status was diagnosed immediately 
after birth, or even prenatally, and the children were 
followed by repeated examinations until the age of 
about 20 [156, 164, 191, 193, 199]. These studies pro- 
vide a clear picture of the psychological development 
of these boys and their special difficulties. Many of 
them need help especially in tasks involving language 
capability; the behavioral and educational problems 
such as lack of endurance, moodiness, and occasion- 
ally a tendency toward aggressiveness are not ex- 
plained sufficiently by the intellectual difficulties. 



Table 15.9. Prevalence of the XXY Klinefelter syndrome 
among inmates of institutions for criminals, juvenile peniten- 
tiaries, etc. 



Author 


Kind of institution 


Prevalence 

ofxxy 


Tsuboi 


Two institutions for criminal 


5/480 = 1% 


[243] 


psychopaths (Denmark) 




Murken 


Four institutions for criminals 


7 / 728 = 1% 


[150] 


and aggressive psychopaths 
(Germany) 





Note that the frequency is seven to ten times higher than in 
the general population (see Table 9.1). 



Timely intervention by appropriate educational help 
is necessary to prevent secondary psychological ef- 
fects produced by interaction of biologically induced 
shortcomings with a “normally” reacting environ- 
ment. Ability to cope with difficulties within the fa- 
mily is poorer than in chromosomally normal boys. 

Turner Syndrome. Clinical and chromosomal results 
are described in Sect. 2.2.3.2; the standard type shows 
the karyotype XO; however, many mosaics and struc- 
tural variations are observed. 

Earlier investigations reported a significant reduction 
in mean IQ [278]. While subsequent studies have 
failed to confirm this [156], a slight overall reduction 
in IQ does seem to be present in Turner syndrome. 
This is probably caused by a specific defect. These 
patients are often successful in school [278]. One 
study of 126 patients found that 2 achieved a univer- 
sity degree, 10 passed a European school comparable 
to an American high school, 93 went to elementary 
school, 21 of them with difficulties, and 21 attended 
a special school for the mentally backward (see also 
[161]). 

Intelligence Defect in Turner Syndrome. Shaffer [210] 
observed 20 patients with Turner syndrome (age 
5.8-30.9 years, mean 15.9) and found a discrepancy 
between verbal and performance IQ in the Wechsler 
Intelligence Scales for Adults and Children, respec- 
tively. Verbal abilities were within the normal range 
while performance was impaired. At a somewhat 
more anecdotal level, Shaffer pointed to the similarity 
of these results with those often found in cases with 
certain types of organic brain damage: 

There were several bits of information to suggest that the test 
deficiencies . . . had their counterparts in every-day behavior. 
Almost without exception, the subjects reported they had 
great difficulties in understanding mathematics, especially al- 
gebra. One girl had an extremely poor sense of direction and 
frequently became lost. Another went through an elaborate 
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ritual when putting away kitchen utensils since any departure 
from this procedure left her thoroughly confused. 

This specific cognitive defect has been confirmed 
and characterized more precisely [138, 139, 210, 
278]. The items on which the patients score especial- 
ly low concern perceptual organization. Dyscalculia 
may also be present but is usually not quite so se- 
vere. The space-form blindness also leads to difficul- 
ties with right-left directional discrimination. The 
patients did very poorly, for example, in a road 
map test that requires orientation to right and left 
[1]. Money [138] has suggested a functional defect 
of the parietal lobe, perhaps involving the nondomi- 
nant more than the dominant hemisphere. This de- 
fect has been confirmed by neuropathology studies 
[196]. Other alleged anomalies of psychological de- 
velopment such as infantilism and difficulties in so- 
cial adjustment, may be secondary effects caused by 
overprotection. Parents and teachers tend to commu- 
nicate with these patients on the basis of their size, 
not their age. Here contact groups can be helpful 
[161]. Among the more intelligent patients a com- 
pensatory activity, especially in sports and school, 
has been described. There seems to be little or no 
antisocial behavior, in contrast to XXY and XYY pa- 
tients. The sexual drive is usually underdeveloped; 
however, patients are often married. By and large, 
they seem to suffer more from their small stature 
than from their sexual underdevelopment. Estrogen 
treatment usually leads to a better development of 
secondary sexual characteristics, to menstrual spot- 
ting, and in some cases to improved sexual respon- 
siveness, but it does not affect the space-form blind- 
ness. 

Triple-X Syndrome. This syndrome is described in 
Sect. 2.2.3.I. Many women with the karyotype XXX 
are normally developed and have children. Of 119 pa- 
tients described in the literature 12 had epileptic sei- 
zures; in a home for epileptic patients 2 of 209 pa- 
tients had an XXX karyotype [86]. Their intelligence 
tends to be well below average (Table 15.8) [156]; 
they are found more frequently in institutions for 
the mentally retarded than is normal in the general 
population. Somatic symptoms seldom lead to medi- 
cal examination, and many of the described patients 
have been ascertained by screening populations of 
mental institutions. It cannot be determined definite- 
ly how much the XXX karyotype enhances the liabili- 
ty to psychoses, but some authors estimate the rate of 
schizophrenialike psychoses to be threefold increased 
[185]. In recent years chromosome studies on new- 
borns have been carried out in many countries, 
showing a frequency of about 1 : 1000 female births. 
Limited prospective studies are in progress [192]. 



Epilepsy seems to be more frequent in XXX women 
than in the general population. The same may possi- 
bly be true for XXY men. 

15.2.2.3 XYY Syndrome 

Somatic Symptoms. For a description of the XYY syndrome, 
see Sect. 2.2.3. The mean stature of these patients is appreci- 
ably taller than that in the population from which they 
come. Many show normal sexual development and are fertile. 
The distribution of IQ is shifted to a lower range; some of the 
patients show average intelligence, but the mean IQ is 80-88 
(Table 15.8). Other studies have reported higher values [156]. 

Higher Prevalence Among ''Criminals.'' The XYY syn- 
drome has become widely known since Jacobs et al. 
(1965) [99] carried out a survey of patients who were 
mentally subnormal and under surveillance in a spe- 
cial institution because of “dangerous, violent, or 
criminal propensities.” Among 196 probands 12 had 
an abnormal karyotype; seven with XYY and one 
with XXYY. This frequency was much higher than ex- 
pected; however, the authors stated that they could 
not determine whether these men had been institu- 
tionalized mainly because of mental subnormality, 
aggressive behavior, or some combination of these 
factors. Their results were soon confirmed in a num- 
ber of studies from institutions for mentally subnor- 
mal men with behavior problems, especially among 
especially tall inmates. On the basis of such evidence 
it was concluded that their antisocial behavior was 
caused by the additional Y chromosome, and that 
they were genetically predisposed to criminality. The 
explanation seemed simple. Normal men are more 
aggressive than normal women; normal men have 
one Y chromosome, women do not. Hence, if some- 
one has two Y chromosomes, he should be twice as 
aggressive as normal men; his aggressiveness may 
fall outside the socially acceptable range, and he may 
commit acts of violence. He is a “supermale.” 

Thus the “murderer chromosome” was born. Discus- 
sions started on “whether society is justified in re- 
stricting an XYY’s freedom before he violates the 
law. The XYY individual is a perpetual threat since 
at any time he may face a situation in which he will 
be unable to control his behavior”. At the same 
time, during the trial of a man in Paris who had mur- 
dered an elderly prostitute the defense attorney 
claimed that his client was not legally responsible for 
his act, as he had an additional Y chromosome. He 
was given a reduced sentence, presumably because 
of his anomaly. Similar cases soon followed. 
Gradually, however, some pertinent questions were 
asked: above all, how frequent is the XYY karyotype 
in the general population of nonconvicts? Studies on 
the incidence among male newborns showed a fre- 
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quency of around 1:1000, or even higher, similar to 
that of Klinefelter syndrome (Sect. 9.2). Even in the 
absence of reliable prevalence studies among the 
male adult population it was fair to conclude that 
the prevalence differs little from the incidence at 
birth, i.e., that there is no preferential mortality. 
This, however, could only mean that the great major- 
ity of XYY men do not come into conflict with the 
law. 

Another question was whether the nature of their 
crimes revealed a certain pattern and, more specifi- 
cally, whether acts of violence and - as had been sug- 
gested - sexual aggression prevailed. This was not the 
case: the pattern was quite similar to that of other 
groups of law offenders with the same degree of intel- 
ligence impairment and, more specifically, to that 
found in patients with Klinefelter syndrome, who 
were also detected more often among law offenders 
than in the general population [150, 243]. Offenses 
against property were the most frequent; so-called 
white-collar crimes were lacking, presumably due to 
the lower average intelligence of the probands. These 
results detracted from the romantic picture of the 
savage supermale. This image was completely shat- 
tered when someone asked how XYY men behave 
when institutionalized. Are they more aggressive 
than other men detained in the same institutions? 
They turned out to be, in fact, more agreeable; on 
average they had better relationships with supervi- 
sory personnel [226]. Many more psychological and 
psychiatric studies were carried out. While varying 
in details, their overall picture seldom differed from 
that of chromosomally normal inmates of the same 
institutions and having the same range of intelli- 
gence. 

All these results suggested alternative explanations 
for the undisputedly higher frequency of XYY pro- 
bands in institutions for law offenders, especially 
those specifically for criminals suffering from mental 
subnormality, psychopathy, and behavior problems. 

Intellectual Dysfunction or Simply Stature? Many stu- 
dies have been carried out on convicted and impri- 
soned law offenders. Their mean IQ is generally low. 
Intellectually subnormal persons are more often in- 
volved in criminal activities - or they run a higher 
risk of being apprehended. If they are arrested, they 
are less able to hire good lawyers and have a lower 
chance of escaping imprisonment. Is the supposedly 
higher crime rate of XYY men only a result of their 
reduced average intelligence? 

Support for this contention came from studies that 
showed convicted XYY offenders to come - often but 
less frequently than other criminals - from broken 
families and families of lower socioeconomic status 
[125, 160]. It even seemed possible that their tall sta- 



ture influenced the rate of detention. A huge and 
strong man may arouse in a judge or jury the feeling 
that it would be safer to detain him in jail than to let 
him go free. 

Studies on Unbiased Samples. To establish the range 
of variation in phenotypic manifestation, to deter- 
mine the intervening variable between the abnormal 
karyotype and criminal behavior, and to explore the 
influence of socioeconomic and educational differen- 
ces, studies on unbiased samples of cases were need- 
ed. 

a) From chromosome studies in newborns (Sect. 
9.2.1) data on a fair number of XYY boys are avail- 
able. Long-term, careful surveillance of their de- 
velopment should give the most reliable informa- 
tion. Interesting information is now available 
from such studies [156, 192] (see below). 

b) In theory, a sufficiently large, unselected popula- 
tion of adult males should help to answer our 
questions about both chromosome examination 
and behavior characteristics. Considering the in- 
cidence at birth (1 : 1100), such a study would re- 
quire an extremely large sample size. However, 
since XYY males are prominent by their stature, 
most of them would be found in the upper range 
of stature, thereby reducing the screening effort. 

Such a study has been carried out in Denmark [273]. 
The population from which the sample was drawn 
consisted of all male Danish citizens born between 
1 January 1944 and 31 December 1947 to women who 
were residents of Copenhagen. These men were at 
least 26 years old when the study began; the military 
draft boards provided information on the stature of 
28 884 men who were available for study. 

A cutoff point of 184 cm was used in establishing the 
tall group among whom the search for sex chromo- 
some anomalies was to be conducted; the resulting 
sample consisted of 4591 men. After preparation of 
the general public through the mass media, these 
men were contacted, and if possible a buccal smear 
for X and Y chromatin determination and blood for 
karyotyping was taken. The investigators succeeded 
in securing the cooperation of almot 91 %. 

Limited but reliable data on the relevant behavioral 
characteristics were available for the entire study 
group. Convictions for criminal offenses were docu- 
mented in police registries. Military draft boards 
give all draftees a screening test for cognitive abil- 
ities, the so-called BPP test, which covers a limited 
number of cognitive dimensions. However, educa- 
tional level was used as an additional index for intel- 
lectual achievement. In Denmark school examina- 
tions are given at the end of the 9th, 10th, and 13th 
years. The index was constructed simply from the 
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Table 15.10. Criminality rates and mean values for background variables of XY, XYY, and XXY (from Witkin et al. 1976 [273]) 



Group 


Criminality 




Army selection test 


Educational index*" 


Parental SES*^ 






Rate (%) 


n 


Mean ± SD rt 


Mean ± SD n 


Mean ± SD 


n 


XY 


9.3 


4096 


43.7 ± 11.4 3759 


1.55+ 1.18 4084 


3.7 ± 1.7 


4058 


XYY 


41.7*^ 


12 


29.7 ± 8.2^^^ 12 


0.58 ± 0.86^* 12 


3.2 ±1.5 


12 


XXY 


1B.8 


16 


28.4 ±14.1*^*’^ 16 


0.81 ±0.88* 16 


4.2+ 1.3 


16 



Significance level pertains to comparison with the control group (XY) using a two-tailed test. For criminality rate an exact 
binomial test was used; for all other variables a t test was used. 

* p< 0.05; < 0.01; ***p < 0.001. 

^ Refers to educational achievement by type of school attended successfully (maximum: 3). 

^ Socioeconomic status. 



number of examinations a man had passed, ranging 
from none to three. 

Results of the Study. In this population of tall men 
12 XYYs and 16 XXYs were identified. A search in 
the penal registers showed that 5 of the 12 XYYs 
(41.7%), 3 of the XXYs (18.8%), and 9.3% of all the 
XY men had been convicted of one or more criminal 
offenses (Table 15.10). The difference between XYY 
and XY was significant; the difference between XXY 
and XY was not. Both groups with abnormal karyo- 
types (XYY and XXY) showed a marked reduction in 
the indices for intellectual achievement - BPP and 
educational index - despite the fact that the socioeco- 
nomic status of their parents was identical to that in 
the control sample. 

Three hypotheses on intervening variables between 
abnormal karyotype and criminality were examined: 
Is it their aggressiveness that brings these men into 
conflict with the law, is it their reduced intelligence, 
or simply their tall stature? A preliminary answer 
was provided by the nature of the crimes of the five 
convicted XYY men. Only one of them had commit- 
ted an act of aggression against other persons. The 
other offenses included theft, arson, burglary, and 
procuring for prostitution. With one exception (im- 
prisonment for somewhat less than 1 year), all penal- 
ties were mild, indicating small offenses. The one act 
of aggression was an isolated occurrence in a long 
criminal career of the only man who could be re- 
garded as a “typical” criminal. The range of offenses 
of the three XXY men was similar to that of the con- 
trol population. Thus in both XXY and XYY men the 
nature of the crimes committed resembled that of 
the control population. 

Together with the other results discussed, these data, 
despite the small sample size of XYY men, permit 
the conclusion that the aggression hypothesis is 
most probably wrong. Is the higher liability of the 



probands to break the law caused by their lower intel- 
lectual capability? 

The data showed, first, that normal XY men with no 
record of crime had a mean intelligence score (not 
to be confounded with the IQ) of 44.5, whereas those 
who had committed one or more such crimes had a 
score of 35.5. The educational index showed a similar 
trend for criminality (1.62 for noncriminals, 0.74 for 
criminals). Can the criminality rate of XYY and XXY 
men be accounted for completely by their intellectual 
dysfunction? To examine this question their criminal 
rates were compared with that of the control group 
after statistically controlling for background vari- 
ables such as intellectual functioning, socioeconomic 
status of the parents, and stature. The analysis consis- 
ted of three stages. The first established the probabil- 
ity that an XY male with a particular set of values on 
the background variables is a criminal. The second 
step established for each XYY or XXY man the prob- 
ability that he would be a criminal if he were an XY 
man with the same background. In the third step 
the observed frequency of criminals in the proband 
group was compared with the frequency predicted in 
the second step. This analysis gave the following re- 
sults: 

a) Background variables, i. e., lower intelligence and 
socioeconomic status of the parents, account for 
some of the difference in the criminality between 
the XYY and XY groups. However, an elevated 
crime rate among the XYYs remains even after 
these adjustments are made {p< 0.05). 

b) XXY men are not significantly different in crimi- 
nality from the XY control group after controlling 
for background variables. 

Therefore in the XYY state, intellectual functioning 
seems to be an important mediating variable between 
the abnormal karyotype and the above-average lia- 
bility to criminal behavior. However, this behavior is 
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not completely explained in this way. Either the indi- 
ces used (BPP test and educational index) give only 
an incomplete account of the cognitive defect, or an 
additional “personality” factor is involved. We con- 
sider the latter hypothesis more likely; psychological 
examination of unselected XYY probands will help 
to answer this question. 

The aggression hypothesis can now be rejected with 
confidence; the hypothesis that stature enhances the 
risk of XYY men being convicted could also not be 
confirmed. XYY probands without a criminal record 
even tended to be a little taller than those with such 
a record. 

This investigation together with many other studies 
led to the following conclusions: 

a) There can be little doubt that men with the chro- 
mosome constitution XYY run a higher relative 
risk than normal XY men of showing antisocial 
behavior and coming into conflict with the law. 

b) Part of this risk may be traced to their impaired 
intellectual function. 

c) However, many of them seem to be afflicted with 
an additional, more specific personality distur- 
bance that may lead to difficulties in adjusting to 
the social environment. Conviction for criminal 
acts probably is only the “tip of the iceberg;” so- 
cial difficulties not leading to conflict with the 
law may be much more widespread. 

The conclusion that XYY men are psychologically dif- 
ferent is confirmed by a double-blind study on seven 
randomly chosen young XYY men in comparison 
with 28 XY men from the same French population 
[165]. It was possible to distinguish the XYY men 
from the XY controls on the basis of psychological re- 
sults. Examination of 14 XYY males (i.e., including 
some other cases in addition to the randomly chosen 
ones) by a number of psychological tests (Rorschach, 
Thematic Apperception Test, interview) uncovered 
increased impulsiveness after emotional stimulation, 
predominant responses to immediate gratification, 
and lack of emotional control. In some of the pro- 
bands this lability was checked by rigid self-control. 
Defense mechanisms against anxiety were poor, and 
the concept of self was weak, easily fragmented, and 
often infantile. Such personality characteristics could 
indeed constitute an increased risk for antisocial be- 
havior. In contrast to most other studies, including 
the Danish study described above, the average IQ in 
this series was not subnormal. 

EEG studies on eight XYY men (from the Danish study de- 
scribed above) revealed that slowing of the a frequency in 
the resting (awake) EEG appeared to be a fairly constant find- 
ing in this group. The maximum a frequency in these sub- 
jects was lower than the minimum frequency in 16 XY con- 
trols [264]. This result, together with others, led to the (ad- 



mittedly very general) hypothesis that “neural factors” con- 
tribute to behavioral difficulties in some XYY men [90]. 

Social and Therapeutic Consequences. The evidence 
shows that the legal consequences for preventing 
crimes by XYY men as proposed in the heyday of 
the aggression hypothesis have no basis at all. Still, 
problems remain. If the XYY status is discovered in 
a study on newborns, should parents be informed? 
Could such information have the effect of a self-ful- 
filling prophecy in that parents would treat their boy 
differently, and could this enhance his tendency to 
deviatant behavior? In our opinion, all information 
should be provided; however, great care is needed in 
conveying the facts to the parents in a form that cau- 
ses as little embarrassment as possible and, above all, 
no damage. The parents should understand that their 
boy might possibly need somewhat more special at- 
tention during his education than an XY boy, but 
that given a stable environment and the same amount 
of parental protection as other boys enjoy, normal so- 
cial adjustment is the most likely outcome. No effec- 
tive somatic therapy is known; the blood androgen 
levels have normal mean values with variance a little 
higher than normal. 

The behavioral problems with XYY individuals (as 
well as with other persons having deviant sex-chro- 
mosomal karyotypes) probably could be alleviated 
if these conditions were diagnosed at birth, and if 
the children (as well as their parents) received spe- 
cial care, as shown by the ongoing studies on a 
series of Danish children [161-163] and by other 
series of children from the United States and Uni- 
ted Kingdom [199]. Children show marked im- 
provement with appropriate care, for example, by 
training their motoric abilities, not only in psycho- 
motoric but also in intellectual development [189, 
190]. In an increasing number of countries, support 
groups have been founded to help with these pro- 
blems. 

Inevitably, with the widespread use of antenatal diag- 
nostics, XYY as well as XXY and XXX karyotypes are 
discovered by amniocentesis. Parents usually should 
be fully informed of the findings and the implications 
of the anomaly explored. The option of abortion as a 
possibility needs careful discussion; genetic counsel- 
ing should be nondirective, and the decision should 
be left to the parents. On the other hand, the attitude 
and feelings of the genetic counselor regarding the 
impact of these states are likely to differ depending 
upon individual interpretations of the facts cited 
above. A completely objective and neutral stance is 
therefore difficult and usually not achievable. Some 
parents at the current state of knowledge would not 
hesitate to proceed with the pregnancy while others 
would prefer an abortion. 
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What Can We Learn from the XYY Story About the 
Attitude of Scientists in the Face of a Problem of Great 
Public Concern? The surprisingly high incidence of 
XYY men among convicts coincided with a growing 
public concern about increasing violence. In this si- 
tuation some scientists reacted almost as precipitous- 
ly as representatives of public opinion - mainly the 
mass media. Premature conclusions and sweeping 
generalizations were made on the basis of results 
that obviously came from biased data. The principal 
reason for such misinterpretation may have been 
that the cytogeneticists who primarily worked on the 
XYY problem were influenced by their experience in 
clinical cytogenetics of a fairly straightforward re- 
lationship between cause - an abnormality of the 
karyotype - and effect - a certain phenotype. These 
workers were not sensitized to the careful considera- 
tion of interaction between different influences that 
shape psychological development and fate of a hu- 
man being and are usually studied by behavioral sci- 
entists, such as psychologists, social anthropologists, 
and sociologists. This trend played into the hands of 
the media, which preferred simplistic interpretations 
to complex explanations. 

The discussion of intelligence (Sect. 15.2.1.3) has made 
it abundantly clear that we do not consider the bio- 
metric analysis of complex phenotypic relationships 
to be the appropriate approach for analyzing genetic 
mechanisms. However, once a genetic mechanism 
has been established by other, more incisive methods, 
the combined sophistication of social science, epide- 
miology, and statistics is needed to assess the pheno- 
typic impact of this genetic mechanism. 

Chromosome Aberrations and Behavior: Some Gener- 
al Conclusions. The chromosome aberrations, espe- 
cially those involving X and Y chromosomes, provide 
a model to show how genetic variability and environ- 
ment may interact in producing a psychological phe- 
notype and point to those intervening variables that 
should be considered: abnormalities in brain physiol- 
ogy or biochemistry and in the endocrine system. 
The example of sex chromosome aberrations has 
also indicated a research strategy: first identify a var- 
iant genotype, then explore its influence on the phe- 
notype, considering concomitantly the intra- and in- 
terindividual differences in the environment. This 
strategy is the opposite of the usual approach, which 
starts with the phenotype. However, such strategy 
has already led to success in the genetic analysis of 
monogenic diseases (positional cloning, Sect.3.1.3.9) 
and of complex diseases (association with genetic 
markers such as blood groups, HLA types and DNA 
variants; identification of contributing genes by link- 
age studies). This problem is taken up below in the 
discussion of mental diseases. Disturbances in em- 
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normal Trisomy 13 Trisomy 21 

Fig. 15.20. Golgi-stained neuronal dendrites among normals, 
and in trisomies 13 and 21. In trisomy 13 spines are thinner, 
unusually long, sometimes dilated, and reduced in number. 
In trisomy 21 three types of structural anomalies are found: 
reduction of spines (A), unusually small spines (B), and very 
long and thin spines (C). (Marin-Padilla; from Propping 
1989 [186]) 



bryonic development and physiology caused by chro- 
mosome aberrations are poorly understood. We 
would be happier if this strategy were feasible not 
only for chromosome aberrations but also for genetic 
variability at single gene loci with known physiologi- 
cal mechanisms. 

Brain Morphology in Chromosomal Aberrations. (See also 
Fig. 15.20) Since chromosomal aberrations often lead to re- 
duced intellectual performance and increased behavioral dif- 
ficulties, and since EEG results in these disorders suggest 
anomalies in brain development and maturation, we would 
expect morphological investigations to provide clues regard- 
ing the mechanisms by which such aberrations impair brain 
function. The literature, however, is scanty, although increas- 
ing numbers of affected fetuses are available [74] following 
abortion of affected fetuses diagnosed by prenatal diagnosis. 
In a series of 274 fetuses and children with trisomies 13, 18, 
and 21 and some other aberrations, gross neuropathological 
changes were detected in only two thirds of the cases. The 
most common findings were holoprosencephaly/arhinence- 
phaly, mainly in trisomy 13 but also in one case of trisomy 18; 
corpus callosum defects, found mainly in trisomy 18 but 
sometimes also in trisomies 13 and 21; and neurons that had 
not reached their normal location during embryonic devel- 
opment ( = heterotypy and microdysplasias), mainly in tri- 
somy 21 but also in cases of other chromosomal syndromes. 
It should be noted that such anomalies may occur at lower 
frequencies in fetuses and infants without chromosomal 
aberration; for example, in about-one third of cases with 
holoprosencephaly, no chromosomal aberration is found. 
Moreover, cerebellar nerve cell heterotopies are frequently 
found in chromosomally normal newborns, mostly prema- 
tures, and disappear with increasing age. Disorders of neuro- 
nal migration have also been described in many other 
anomalies [8]. There are some scattered reports on the brain 
pathology of sex chromosomal aberrations; for example cor- 
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tical dysplasia, disturbances of cell migration, and delayed 
cellular maturation in 45,X and similar anomalies [20] or ab- 
normal cortical convolutions of the frontal cerebral cortex [4] 
in XYY patients. The significance of these findings remains 
unclear until the frequency of such anomalies in individuals 
not suffering from a chromosomal aberration is firmly deter- 
mined. In our opinion, the application of refined neuropatho- 
logical methods to fetuses and newborns with chromosomal 
aberrations - always keeping in mind variability in the nor- 
mal range - might open new approaches to the study of bio- 
logical mechanisms affecting behavior-genetic variation. On 
the basis of other evidence, such as the results of aphasia stu- 
dies, the anomaly described above in XO Turner cases has 
been tentatively localized to the parieto-occipital region of 
the cerebral cortex. 

A Common Morphological Substrate in Various Types of Men- 
tal Retardation? Micromorphological analyses in various 
types of mental deficiency have been claimed to share a com- 
mon morphological substrate, an anomaly in dendrites of 
cortical neurons [186]. Normally these neurons show signs 
of intensive development during the last 3 months of fetal 
life: numerous spines are formed that establish contacts with 
other neurons. In various types of mental deficiencies their 
numbers are diminished, and they often appear altered 
(Fig. 15.20). 

15.2.3 Suggested Novel Approaches 
to Human Behavior Genetics 

Most material covered in this section relates to possi- 
ble applications of genetic concepts to behavioral 
phenomena. These genetic concepts are elaborated 
in the previous chapters, especially Chaps. 4-6 (for- 
mal genetics) and Chaps. 7 and 8 (gene action). So 
far their explanatory power has not been utilized 
fully for behavior genetic problems; therefore we ad- 
vocate increasing attention to these concepts and 
methods. We fully realize that the application of such 
concepts will not be as straightforward in explaining 
genetic determination of human behavior, develop- 
ment and variability as, for example, structural muta- 
tions of the hemoglobin loci explain the various he- 
moglobinopathies. 

We noted in the introduction to this book that the ge- 
netic approach to biological phenomena is “reductio- 
nistic:” genetic analysis is regarded as successful 
when an inherited difference can be traced to a specif- 
ic difference in the structure of a gene. In many cases 
- for example, when we want to understand an en- 
zyme deficiency - this approach leads to satisfactory 
results. Its limitations become apparent when we try 
to analyze genetic variability in embryonic develop- 
ment and its deviations that lead to congenital mal- 
formations. Here a complex system of feedback me- 
chanisms apparently regulates the activity of genes 
in the various cell groups and in different phases of 
development. The development of human behavior 



is more complex since it is never finished and pro- 
ceeds through our lifetime. The feedback mechan- 
isms involved appear to be more complex than those 
operative during embryonic somatic development. It 
is possible that for some mental functions new prin- 
ciples of gene action have appeared during evolution. 
Thus our current genetic concepts, which have pro- 
ven so successful in other fields, may have only lim- 
ited success in behavior genetic analysis. Still, we 
must start with these concepts. 

Here we are encouraged by an analysis of Bunge and 
Ardila [27]. With regard to psychology, they write: 
“The correct and badly needed synthesis is the mer- 
ger of all the branches of psychology on the basis of 
neuroscience, together with developmental and evo- 
lutionary biology, and in tandem with social science. 
This is the correct synthesis because behavior and 
mentation happen to be biological processes”. While 
psychological processes are entirely determined by 
neurobiological mechanisms, the psychological pro- 
cesses that involve an increasing complexity of the 
interactive system will make for the emergence of 
new properties that cannot be derived from the sepa- 
rate analysis of its components. As to the required re- 
search procedures, the authors distinguish two ap- 
proaches: “top-down” and “bottom-up.” The “top- 
down” approach starts with complex phenomena 
and tries to analyze them down to their single com- 
ponents. The “bottom-up” approach attempts an in- 
tegration of elements into more complex units. The 
analogy with modern research strategies in human 
genetics is striking. 

The approach advocated here is principally, but not 
exclusively, the bottom-up approach. This strategy, 
which has been successful in other fields, represents 
the optimal way to determine the limits of genetic 
principles [250]. In addition, new concepts may 
emerge that can help us overcome current con- 
straints. For example, the space perception defect in 
the Turner syndrome may have a definite morpholo- 
gical substrate (see above). 

75.2.5.7 Genetic Variability That Could influence 
Human Behavior 

Few actual data exist in these areas. We describe pos- 
sible approaches in some detail because we feel that 
this field should be further explored (Fig. 15.21). 

General Metabolism. With gross disturbance of meta- 
bolism consciousness becomes blurred, and mental 
processes come to a halt. Nongenetic examples in- 
clude hepatic failure leading to liver coma and renal 
failure causing uremia with its attendant effects on 
the brain. The mechanisms of both conditions are 
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obvious, at least in gross outline. Due to the failure to 
properly metabolize or to excrete certain compounds 
their concentration increases, they disturb the nor- 
mal metabolic processes in the brain, and if the dis- 
turbance is severe enough, abolish mental function- 
ing. 

Brain function may be altered by intoxication not 
only when a toxic agent is produced by metabolic 
processes within the body, but also when it is taken 
up from the outside. The alteration of consciousness 
and feeling tone that follows ingestion of naturally 
occurring toxic foods was observed fairly early in 
the development of the human species, as witnessed 
by the fact that some of these effects were known in 
almost all primitive populations. In modern society 
drug addiction is one of the most threatening social 
problems. Modern medicine, on the other hand, has 
learned to utilize drug action affecting the nervous 
system in a great variety of ways - from general anes- 
thesia to psychopharmacological agents that help to 
manipulate the psychic state of patients with mental 
diseases. Before drugs enter the brain and alter its 
functions, they must be metabolized, with changes 



in chemical composition and modification of their 
action. These metabolic changes are mediated mainly 
by various enzymes. Enzymes, in turn, may show 
genetic variability that influences activity, substrate 
specificity, and other characteristics (Sect. 7.2). The 
resulting differences in both drug action and side ef- 
fects, as well as genetic variation of drug receptors 
are the object of pharmacogenetics (Sect. 7.5.1). In 
principle, genetic variability may be found among 
enzymes that metabolize compounds of our normal 
food needed for certain metabolic processes. In 
some cases the genetic alteration of the enzyme mo- 
lecule may be so profound that its activity is totally 
or almost totally abolished. Examples involving de- 
velopment and proper function of the brain include 
the phenylalanine hydroxylase defects in phenylketo- 
nuria, which leads to increased brain concentrations 
of phenylalanine and other abnormal toxic metabo- 
lites, and the chronic states of ammonia intoxication 
that ensue from enzyme defects in the urea cycle. 
Many inborn errors of metabolism are associated 
with mental retardation through analogous mechan- 
isms. 
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Variability of Hormones. Many of the genetic regula- 
tory processes in the human organism are mediated 
by hormones (Chap. 8). We know a great many quali- 
tative and quantitative genetic defects of hormonal 
function. Most of them also affect human well-being 
and behavior. Obvious examples include defects of 
thyroid function that lead to hypothyroidism with se- 
vere mental retardation in infants and lack of alert- 
ness among adults. Sexual hormones such as testos- 
terone and estrogen also have a profound effect on 
embryonic and adolescent development and on the 
mental state and behavior of the adult. In looking 
for genetic mechanisms that can influence human be- 
havior and could therefore be screened for genetic 
variability, endocrine glands represent major candi- 
dates (Fig. 15.22). 

Genetic Variability Within the Brain. Genetic differ- 
ences in quantitative hormone production and in the 
structure of hormone molecules are only two possi- 



ble sources of genetic variability in hormone func- 
tion. Another source is their effect on the target or- 
gans. Here hormone receptors are important media- 
tors. Some of the genetic defects that are now de- 
scribed as receptor diseases (Sect. 7.6.4) have implica- 
tions for brain function. It has been suggested that 
genetic variability in hormone receptors within the 
brain affect brain function and thus produce genetic 
variability in behavior. 

To find other possible mechanisms, we must survey 
all levels at which brain structure and function can 
be examined - from anatomy and histology to elec- 
trophysiology and to the basic biochemical processes 
involved in excitation and inhibition of nerve cells. A 
huge amount of information is available in all these 
fields, but surprisingly little has been undertaken to 
screen this information for possible genetic variabil- 
ity. This may in part have technical reasons. Assess- 
ment of genetic variability normally requires exami- 
nation of fairly large series of individuals. This is 



Fig. 15.22. Genetic variability outside the brain that 
may influence human behavior. In general, metabolic 
influences of liver and kidney enzymes are especially 
important. Other influences may come from endo- 
crine glands, such as the anterior or posterior pitui- 
tary, the adrenals, gonads, thyroids, and parathyr- 
oids 
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now becoming increasingly possible by studying DNA 
in white blood cells for genes that are expressed only 
in the brain. It should be quite clear, however, that 
even complete understanding of the genes and the ge- 
netic polymorphisms affecting the brain is not likely 
to explain human behavior since behavior is so much 
more complex than, for example, red cell function. 
We therefore need to look for alternative strategies. 

It is often believed that analysis of the genes them- 
selves can provide a shortcut for such studies, and 
that genes - even those that are active exclusively in 
the brain - can also be studied in other tissues, for 
example, blood cells. This is certainly true, and inves- 
tigation of these genes, their modes of action, and 
their interaction in producing certain phenotypes is 
the final goal of such studies. However, to know 
which genes can be studied with the best chances for 
success, it is necessary to assess the problem at var- 
ious levels. The “bottom-up” strategy - identification 
of a gene by linkage studies and positional cloning, 
and analysis of its functions at different levels - is 
only one possible approach. However, this requires 
that following a genomic search or search for plausi- 
ble candidate genes, the responsible genes are suc- 
cessfully mapped and cloned. Convincing success of 
this approach in complex traits - diseases as well as 
normal characteristics in which genetic analysis had 
failed to indicate a monogenic mode of inheritance - 
has been rare so far so that it would be premature to 
rely exclusively on this strategy. Alternative levels of 
study of “intermediate” phenotypes, i. e., phenotypic 
characteristics in metabolic pathways, between geno- 
type and phenotype should be considered. 

In addition to linkage studies, investigating associa- 
tions with genetic markers has been proposed as an 
alternative technique. The rationale of such studies 
is that genetic markers, such as DNA polymorphisms 
(Sect. 12.1.2) may occur in linkage disequilibrium 
(Sect. 5.2.4) with genes, various alleles of which may 
lead to differences of psychological phenotypes. 
Such linkage disequilibrium may have two reasons: 
either the time that elapsed to separate by recombina- 
tion the suspect genes from the tightly linked DNA 
polymorphisms may not have been sufficient for the 
disequilibrium to disappear, or the marker allele itself 
influences the phenotype to be studied. This ap- 
proach has been pursued mainly in attempts to study 
various psychiatric diseases, but it is now being used 
in searching for genes involved in the genetic deter- 
mination of quantitatively varying normal traits 
such as cognitive abilities measured by IQ [177]- 

a) The first possibility is to look for genetic variabil- 
ity in a physiological parameter that can be mea- 
sured directly by noninvasive techniques. Here 
the genetic analysis of the normal electroencepha- 



logram has so far offered the best opportunities 
[252, 255]. An obvious disadvantage of this ap- 
proach is that the relationship between gene ac- 
tion and physiological phenotype is less direct 
and therefore more subject to distortion by inter- 
vening variables than when examining, for exam- 
ple, an enzyme. 

b) The genetic variability in its relationship to beha- 
vior can be examined in the brains of experimental 
animals. This approach relies on the well-known 
homology in many physiological processes be- 
tween humans and other mammals that has its 
foundation in their common phylogenetic origin. 
Animals are in widespread use as model systems 
for genetic analysis in situations where experimen- 
tation in humans is impossible for ethical reasons. 
For behavioral genetics the most obvious advantage 
is direct access to the brain and the opportunity to 
introduce genes of interest (transgenics; knock out 
mice); the obvious disadvantages are the likely exis- 
tence of species differences and the unique role of 
the human brain. This approach can therefore pro- 
vide us with models for analyzing the role of certain 
genes in behavioral processes and study of the me- 
chanisms by which variation in brain physiology 
lead to behavioral differences. These models may 
provide hints where such differences might also be 
found in humans. Below we rely heavily on the re- 
sults of animal experimentation. 

Experimental animal populations are often derived 
from inbred strains and differ radically from human 
populations in breeding structure. Animals of an 
inbred strain are genetically identical; they may be 
compared to human MZ twins. Results achieved in 
one inbred strain can be compared with those in other 
inbred strains and with natural “wild” populations. 
These approaches are recommended on the assump- 
tion that important aspects of genetic variability of 
brain function that lead to behavioral differences be- 
tween human beings can be analyzed with the well- 
established principles of genetics - i. e., the gene con- 
cept, gene-determined enzymes and receptors, regu- 
lation of gene action and widespread genetic variabil- 
ity at the protein level. This is not to deny that ulti- 
mate understanding of complex intelligent behavior 
probably may require additional principles of infor- 
mation processing and organization. 



75 . 2 . 3.2 Genetic Variability Outside the Brain 
That Influences Human Behavior 

Enzyme Defects Leading to Mental Deficiency 
(Fig. 15.22). Many of the known enzyme defects in hu- 
mans lead, apart from their other widely different 
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phenotypic effects, to mental deficiency (Table 15.11). 
For our understanding of normal brain function, 
however, these observations have contributed very 
little so far. It is plausible, for example, that nerve 
cells cannot work properly if they are stuffed with in- 
sufficiently degraded macromolecules, such as those 
found in the mucopolysaccharidoses [157] or mucoli- 
pidoses; for understanding of normal function, how- 
ever, this is not very revealing. In general, the brain’s 
development and function appear to be especially 
sensitive to changes in the biochemical environment. 
Many different inborn errors tend to increase or de- 
crease a variety of biochemical substances that often 
cause mental retardation. 

In other instances the orderly and well- controlled co- 
operation of neurons is impaired; mass discharges of 
large groups of neurons manifest themselves as epi- 
leptic fits. Such seizures are observed in a great num- 
ber of hereditary diseases [12]. Metabolic disturban- 
ces may also contribute to susceptibility for mental 
diseases included in the diagnostic category of “schi- 
zophrenia.” Examples include the adult type of meta- 
chromatic leukodystrophy, various types of porphyr- 
ia, and even Huntington chorea [185]. The topic is ta- 
ken up again in Chap. 16. 

Self Mutilating Behavior in the Lesch-Nyhan Syn- 
drome: Uric Acid. Lesch-Nyhan syndrome is describ- 
ed in Sect.7.2.2.6 as caused by a defect of the en- 
zyme hypoxanthine-guanine phosphoribosyltransfer- 
ase (HPRT) with failure in recycling hypoxanthine 
into guanine synthesis. Instead, high amounts are 
converted into uric acid and excreted. Apart from 
hyperexcitability of the nervous system, this leads to 
hyperreflexia and almost continuous movements; 
patients suffer from a compulsive tendency to self- 
destruction. In spite of the pain, they bite their fin- 
gers and lips and mutilate themselves. This destruc- 
tive tendency has no counterpart in “normal” or “ab- 
normal” human psychology; still, we know of other 
types of compulsive neuroses. Some patients, for ex- 
ample, feel compelled to wash their hands over and 
over again. Moreover, schizophrenic psychoses seem 
to occur among relatives of patients with compulsive 
neurosis more often than in the general population. 
Analysis of the specific damage caused by this en- 
zyme defect in the brain could possibly be somewhat 
instructive regarding neuronal mechanisms of com- 
pulsive behavior. Moreover, it would be interesting 
to explore whether heterozygotes for the HPRT defect 
show behavioral peculiarities, especially when they 
reach middle or advanced age. 

A positive correlation between elevated blood uric 
acid level and IQ has repeatedly been asserted and is 
usually backed by an impressive list of outstanding 
men in history who suffered from gout [219]. If uric 



Table 15.11. Types of selected inherited metabolic diseases 
leading to mental deficiency 



Kind of defect 

Amino acid metabolism 

Carbohydrate metabolism 
Endocrine disorders 

Disorders in binding to 
cofactors (vitamins) 

Lysosomal diseases 



Metabolic disease 
(examples) 

Phenylketonuria 

Maple syrup urine disease 

Hyperammonemias 

Galactosemia 

Types of cretinism with goi- 
ter 

Pyridoxine dependency 
Mucopolysaccharides es 



acid slightly enhances neuronal excitability, this 
nonspecific stimulation could conceivably have a po- 
sitive effect on intelligence and performance. On the 
other hand, a twin study failed to show a correlation 
between uric acid level and intelligence (P. Propping, 
personal communication). 

Heterozygotes of Recessive Disorders. Enzyme activity 
in heterozygotes for inherited metabolic diseases is 
usually only half the normal levels. Therefore, we 
would not be surprised if phenotypic abnormalities 
were detected, at least when the specific metabolic 
pathways are placed under stress or possibly with ad- 
vancing age. However, systematic studies on such 
heterozygotes, especially on their mental status and 
performance, are remarkably scanty (see also 
Sect.7.2.2.8) [254]. The most comprehensive studies 
have been performed on phenylketonuria. Despite de- 
ficiencies in the epidemiological methods used in 
some of these studies, some conclusions are of inter- 
est: (a) On average, PKU heterozygotes show a slight 
reduction of a few points in IQ compared with con- 
trols; the verbal part of the test appears to be reduced 
more than the performance portion, (b) Some studies 
suggest a slightly higher risk of psychotic disorder, 
the psychoses having a late onset and a benign course 
and involving depressive symptoms, (c) Some hetero- 
zygotes have shown increased levels of cortical irrit- 
ability as evidenced by EEG. (d) These slight anoma- 
lies could be caused at least in part by an increased 
level of intracellular phenylalanine and tyrosine since 
these amino acids are found to be increased in the 
(more easily accessible) lymphocytes. 

Other autosomal-recessive diseases for which minor 
phenotypic deviations have been described include 
several lipidoses, such as the late infantile form of 
metachromatic leukodystrophy (250100), globoid 
cell leukodystrophy (Krabbe) (245200), and a few 
heterozygotes for Sandhoff disease (268800), Nie- 
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mann-Pick disease (257200), and Wolman disease 
(278000). Here the slight deficits were found mainly 
in the performance IQ, especially in subtests for 
space perception. Moreover, scores on personality 
questionnaires testing for psychosomatic disorder, 
depression, and emotional lability were increased. 
Again, accumulation of abnormal metabolites could 
be a causative factor since some accumulation of mu- 
colipids is found not only in homozygotes but also 
in heterozygotes for some lipid storage disorders 
[45 a]. 

Two studies on autosomal-recessive microcephaly 
(251200) from different parts of the world, Canada 
and the former Soviet Union, found about one-third 
of normocephalic heterozygotes to be mentally sub- 
normal. According to Quazi and Reed [191], who car- 
ried out the Canadian study, such heterozygotes may 
constitute an appreciable proportion of all indivi- 
duals suffering from mental subnormality “of un- 
known origin.” According to these authors, homozy- 
gotes occur at a frequency of about 1 : 40 000; hetero- 
zygote frequency is about 1 : 100 (Sect. 4.2.1). If one- 
third of these are mentally subnormal, this would 
mean that about one third of 1% “of the population 
at large is mentally retarded because they carry one 
gene for microcephaly. The prevalence of mental re- 
tardation in the United States and United Kingdom 
using an IQ of 69 as a threshold has been estimated 
to be about three percent” [175]. Thus about one of 
nine mentally retarded individuals from the general 
population could be a heterozygote for the gene for 
microcephaly. Of course this estimate can be regar- 
ded only as a crude approximation; in other popula- 
tions recessive microcephaly appears to be much rar- 
er, and, moreover, there may be genetic heterogene- 
ity. In principle, however, this argument is plausible. 
It could even be generalized: when one- third of such 
heterozygotes are mentally defective, the other two 
thirds probably have an IQ in the lower normal 
range. Moreover, about 1 in 50 individuals in our 
population are heterozygous for PKU (assuming a 
homozygote frequency of~i:ioooo), and heterozy- 
gotes for other recessive diseases for which slight re- 
ductions in IQ have been described do also occur. It 
should be remembered that many types of autosomal 
or X-linked recessive mental retardation have been 
only incompletely characterized so far. If the rather 
frequent types of X-linked mental retardation are ad- 
ded, it could be argued that a significant proportion 
of the “normal” genetic variability of IQ in the lower 
range is caused by heterozygosity of autosomal or X- 
linked recessive diseases. More definitive studies are 
needed. 



15.2.3.3 Hormone Action 

How Do Hormones Act? As explained in Chap. 8, hor- 
mones usually act on special cells that have receptors 
by which the hormones are bound. This triggers 
synthesis of specific proteins within these cells; here 
cyclic AMP acts as a mediator - as the “second mes- 
senger.” Some “receptor diseases” have now become 
known; the best analyzed examples are familial 
hypercholesterolemia (Sect. 7.6) and testicular femin- 
ization (Sect. 8.5). In the latter condition, a deficien- 
cy of androgen receptors causes a female phenotype 
in individuals having an XY karyotype with testi- 
cles. 

Hormone receptors are also present on cells of the 
CNS; their development and function can be influ- 
enced at least at three levels: by hormone-induced 
metabolic processes in other tissues that influence 
brain function indirectly, by quantitatively or qualita- 
tively abnormal hormone supply, and by individual 
differences in receptors. For instance, the effect of 
thyroxin on mental and neural activity, which is so 
impressive when hypothyroid patients respond to 
thyroid therapy, is probably indirect since thyroxine 
enhances the basal metabolic rate in all tissues except 
the brain. 

Sex hormones, on the other hand, appear to have a 
direct influence on brain development [140]. This in- 
fluence begins as early as in embryonic age, as shown 
by experiments mainly with rats [186]. Within a cer- 
tain, sensitive period, the preoptic zone in the hypo- 
thalamus is imprinted. Female rats that have been 
treated with testosterone a few days before and about 
10 days after birth behave as males during adult 
age. 

In the human brain, a certain cell group within the 
preoptic zone is about 2.5 times larger - and contains 
more cells - in the male than in the female brain 
[234]. There are also some differences of dendrite 
structure and in the corpus callosum. The influence 
of testosterone is shown by the rare enzyme defect 
of 5 a-reductase deficiency (264600). This enzyme 
determines conversion of testosterone into dihydro- 
testosterone; its defect leads to pseudohermaphrodit- 
ism. Generally the infants are regarded, as girls at 
birth, and are reared accordingly. During puberty, 
however, increased testosterone production leads to 
virilization, and they change their gender identity, 
physically and psychologically developing into nor- 
mal, sexually functioning males. Hormonal status 
thus overrides the sociocultural effect of education 
as a girl [97]. 

Therapeutically administered steroid hormones may 
have a similar effect. For example, some pregnancy 
complications have been treated with progestins, 
which usually contain an androgen component. These 
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progestins influence development of the embryonic 
brains, as witnessed by observations on girls exposed 
to synthetic progestins. 

Tomboyism in Girls Prenatally Exposed to Masculinizing 
Compounds [140]. Tomboyish girls like to join boys in out- 
door sports; their self-assertiveness in competition for posi- 
tions in childhood groups is strong enough to permit suc- 
cessful competition with boys. They like to dress as boys 
and do not play with dolls. Often the tomboyish girls reaches 
the boyfriend stage later than her peers; romance and mar- 
riage take second place to achievement and career. There is, 
however, no tendency to lesbianism. 

While such behavior may develop in response to environ- 
mental influences, it has been reported that tomboyish beha- 
vior can be primed by hormone action during embryonic de- 
velopment. Progestins are steroids related in chemical struc- 
ture to androgens that can substitute for progesterone in 
their pregnancy-preserving function. When first introduced 
in therapy, their masculinizing effect was unknown. In the 
1950s some mothers gave birth to otherwise normal daugh- 
ters but with masculinization of the clitoris. Such children 
grew up as girls; the masculinizing effect ceased at birth. 
Another group of masculinized girls are those with adreno- 
genital syndromes due mainly to the autosomal-recessive de- 
fect of 21-hydroxylase, one of the enzymes needed for syn- 
thesis of cortisol (Sect. 7.2). The condition is treated by corti- 
sol substitution, which by reducing the ACTH production of 
the pituitary curbs synthesis of cortisol precursors with an- 
drogenlike effect. Exposure is thus limited to the prenatal 
period, as encountered in daughters of progestin-treated mo- 
thers. 

Tomboyism was present in nine of ten girls with the 
progestin-induced syndrome, in 11 of the 15 girls 
with adrenogenital syndrome, but in none or only 
very few Turner and testicular feminization patients. 
The attitudes of all these girls toward their future 
roles as married women and mothers were altered ac- 
cordingly [140]. 

Interpretation of these results was corroborated in 
experiments with female rhesus monkeys which had 
been artificially androgenized during embryonic de- 
velopment, and which during childhood showed be- 
havior that resembled that of their male age mates 
[140]. These data favor the view that sex-specific 
brain patterns influence the attitudes of children and 
adolescents in accepting their sex roles. 

Repeated studies show boys to be more aggressive 
than girls, and their aggressiveness is correlated with 
blood testosterone levels [35]. This led to the hypo- 
thesis that boys whose mothers had been treated 
with progestins during pregnancy would display 
more aggressive tendencies than their untreated 
brothers. Eight such boys and 17 girls were asked 
how they would react in certain provocative situa- 
tions. The boys (but not the girls) showed much 
higher aggressiveness than their untreated brothers. 



Hence, not only the present testosterone level but 
also the degree of androgen imprinting of their 
brains appears to influence their aggressiveness [194]. 

Testicular Feminization. The testicular feminization 
syndrome (313700) is caused by androgen insensitiv- 
ity. If the brain also lacks functional androgen recep- 
tors, one would expect in these individuals “typically 
female” attitudes toward marriage and motherhood. 
Such tendencies were, indeed, found in most of the 
ten patients that could be examined [140]. However, 
the interpretation is more ambiguous than of data in 
prenatally masculinized girls. Patients with testicular 
feminization are almost perfect girls externally and 
grow up as such; therefore, their identification with 
the female role could also be explained in a straight- 
forward psychological manner. 

The problem of androgen influence on the female 
brain was reexamined repeatedly both in animals 
and in humans, not always with the same results 
[186]. However, it is our impression from the bulk of 
the literature that prenatal androgen exposure in 
some way influences brain development. 

Homosexuality and Hormones. The twin and family 
studies discussed in Sect. 15.2.1.6 suggest a genetic 
component in the homosexual behavior of males. It 
has been suggested that the distortion of the sexual 
release scheme of male homosexuals may be caused 
by an abnormally low androgen effect. This problem 
has been investigated repeatedly by measuring urin- 
ary excretion or serum levels of steroid hormones 
[140]. Different proportions of various selected me- 
tabolites of sex hormones were claimed to be detect- 
able in urine; however, the studies were poorly con- 
trolled for age, amount of sexual activity, or general 
health status. Moreover, the degree of variation of 
these metabolites in the urine of controls is consid- 
erable and strongly overlaps with that of homosex- 
uals. 

Even males awaiting estrogen therapy and sex-assignment 
surgery had normal androgen levels [46]. 

These results show that there is no simple relation- 
ship between androgen production and homosexual- 
ity. However, they do not exclude the possibility of 
minor differences in androgen receptors and their re- 
lationship to homosexuality. A possible influence of 
an X-linked gene on male homosexuality is of interest 
in this connection [77]. However, the X-linked andro- 
gen receptor gene was ruled out as a candidate gene 
to explain these findings. Independent evidence of 
sex-specific differences in brain function comes 
from studies with a noninvasive method that enables 
us to assess the functional state of the central nervous 
system - the electroencephalogram (EEG). 
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15.2.3.4 Brain Physiology: Genetics of the EEG 

Investigations of genetic variability in brain function 
in humans are fraught with technical difficulties. 
Therefore more indirect approaches are necessary. 
Several have been mentioned: direct examination of 
brain physiology, investigation of genetic variability 
outside the brain that might be related to brain func- 
tion, and animal experimentation. For studies of hu- 
man brain physiology the EEG has mainly been used 
[252, 255]. 

Human EEG. The most important features of the human EEG 
are described in Sect. 6.1 where criteria for a simple autoso- 
mal-dominant mode of inheritance in a continuously varying 
character are discussed using the low-voltage EEG as an ex- 
ample. The resting EEG develops during childhood and 
youth from irregular forms with relatively slow waves to 
the final pattern, which is reached latest by about 
19 years. This adult pattern is dominated by a waves (fre- 
quencies 8-13/s) with variable admixture of ^ waves 
(> 14/s) and waves (4-7/s); a waves are usually most pro- 
minent over the occipital region of the brain. Under normal 
conditions, and in healthy individuals, there is little variation 
between leads from the same individual taken at different 
times; variation between individuals, on the other hand, is 
considerable. 

Twin Studies. The EEG records a highly complex trait 
that varies in many dimensions, for example, distri- 
bution of frequencies and amplitudes in one lead, 
variations between leads from the various parts of 
the head surface, and form of the waves. To obtain 
an overall impression of the role of genetic factors in 
this variability, it was reasonable to begin by compar- 
ing MZ and DZ twins. As the EEG shows a character- 
istic development from infancy to adult age, with 
varying speed between individuals, twins in their first 
and second decades of life, together with a few young 
adults, were the most appropriate probands. In the 
absence of disturbing factors such as severe fatigue, 
brain disease such as epilepsy and brain tumors, and 
severe metabolic anomalies, the brain wave pattern 
under standard conditions (relaxed, with closed 
eyes) is determined almost completely genetically. 
This conclusion also applies to the speed of brain ma- 
turation as evidenced by EEG patterns [251]. 

It could be argued that this concordance was caused by the 
common environment of the twins. EEG studies carried out 
on MZ pairs reared apart showed the same degree of EEG 
concordance [106, 222]. This strong similarity is maintained 
until old age. 

The adult EEG pattern is identical even in twin pairs with 
quite different emotional histories, for example, when one 
suffered from a severe neurosis. Organic brain diseases, on 
the other hand, such as stroke and epilepsy, may cause defini- 
tive and permanent differences even between MZ twins 

[241]. 



Children regarded by psychologists as ‘‘immature” or show- 
ing behavioral abnormalities often have irregular EEG pat- 
terns. Such data suggest the hypothesis that the pattern of 
EEG maturation is related to differences in psychological ma- 
turation in the normal range, as measured by developmental 
tests and performance [261]. EEG frequency therefore mea- 
sures part of the genetic variability influencing individual 
differences in normal psychological development. This rela- 
tionship needs to be studied in much greater detail. 

Family Studies. The results of twin studies encouraged at- 
tempts to find more clearcut evidence of genetic mechanisms. 
If monogenic inheritance is expected, alternatively distribut- 
ed characteristics should be chosen for study. The most evi- 
dent is the so-called low-voltage EEG with little or no occipi- 
tal a activity. The mode of inheritance turns out to be auto- 
somal-dominant (Sect. 6.1; Fig. 6.9), with little overlap be- 
tween the two phenotypic classes [3]. A gene for this EEG 
type has been localized in 2oq [223], but there is genetic het- 
erogeneity. In the same segment of 2oq, a gene for a subunit 
of the nicotinic acetylcholine - receptor has been mapped - 
a good candidate gene for an EEG variant [222 a]. 

Another hereditary EEG type is dominated by monomorphic 
a waves. The average a rhythm has a maximum over occipi- 
tal parts of the cerebral cortex and is more irregular and 
mixed with other waves over frontoprecentral areas. In the 
monomorphic a wave type very regular a waves of high am- 
plitudes are usually seen over the whole cerebral cortex. Twin 
and family studies leave no doubt that this type is hereditary. 
Family data suggest simple dominance [252]. However, de- 
lineation from the more average EEG is more difficult than 
with the low- voltage EEG. 

In a certain way this EEG type can be regarded as the “coun- 
tertype” of the low-voltage EEG; while the low-voltage EEG 
has a weak a rhythm, this rhythm seems to be especially 
strong in the monomorphic a EEG. 

Some other traits with simple dominant modes of inheri- 
tance have also been identified, for example, a variant in 
which the occipital a waves are replaced by 16-19/s waves 
that show the general characteristics of a waves, such as 
blocking after eye opening and other stimuli. In other famil- 
ies, genetic variants of the fast component, the p waves, 
were discovered. In distinction to the a waves, j 3 waves are 
in most cases concentrated above the frontal and precentral 
parts of the brain; in some families these (3 waves form char- 
acteristic spindlelike groups. Two autosomal-dominant types 
have been distinguished [252]. 

Sex Difference in EEG Patterns. Most EEGs with P waves show 
definite familial aggregation but the data do not conform to 
simple monogenic inheritance. They are most easily ex- 
plained by multifactorial inheritance in combination with 
threshold effects (Sect. 6.1.2). 

Furthermore, the prevalence of EEGs with (mainly diffuse) 
/3 waves increases with age, and there is a definite sex differ- 
ence. In all age groups - with the exception of childhood - 
the prevalence of EEGs with ^ waves is higher in females 
than in males [59]. 

How Is the EEG Produced in the Brain? Hereditary 
variation in EEG patterns suggests differences in phy- 
siological function of the human brain. To under- 
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stand the nature of these differences and their possi- 
ble influence on behavior it is necessary to know 
how the EEG is produced [2]. The EEG waves, espe- 
cially a waves, are formed by the interaction of neu- 
rophysiological processes at no fewer than three or 
four levels (Fig. 15.23). The EEG “battery” is located 
in the cerebral cortex; here groups of neurons dis- 
charge in rhythmic order. However, their activity is 
coordinated by a “pacemaker” (more precisely, a 
group of interrelated pacemakers) in the thalamus. 
The thalamus in turn is influenced in its activity by 
input from brain structures at lower levels. The as- 
cending reticular activating system (ARAS) is located 
in the reticular formation, mainly in the pons and 
medulla oblongata. The ARAS has a leading function, 
for example, in sleeping and dreaming. In the waking 
state, it maintains a level of “tonic arousal,” which is 
influenced by input from specific, centripetal path- 
ways involving, for example, sensory stimulation. A 
high level of arousal causes EEG desynchronization. 
Other influences on the EEG come from the limbic 
system, a functional unit comprising the hippocam- 
pus, amygdala, mammillary bodies, and connecting 
structures. The limbic system is involved in emotion, 
activity, and motivation. Neurophysiological studies 
have also provided some hints as to the physiological 
function of a activity [2]: the a rhythm seems to 
modulate and selectively amplify afferent stimuli. 

Influences of Inherited EEG Variations on Personality. 
The personality and performance of an individual de- 
pends on the way in which its brain works sponta- 
neously, reacts to incoming stimuli, and handles in- 
formation. Individual differences in such neurophy- 
siological parameters therefore result in psychological 
differences. What influences on “personality” and in- 
tellectual performance can be expected in individuals 
carrying the genetic EEG variants described above, 
considering the neurophysiological results outlined 
in the proceding paragraph? Probands with mono- 
morphic a waves might be expected to be “strong 
modulators and amplifiers,” whereas probands with 
a low-voltage EEG might be weak modulators and 
amplifiers. The f waves, especially those of the diffuse 
variant (which seems to be multifactorially inherited) 
are generally assumed to be the result of a high level 
of tonic arousal in the ARAS. Therefore disturbances 
in the modulating function of a activity are expected 
in probands with this EEG variant. 

Indeed, the results of comparative studies on 298 pro- 
bands with various EEG variants were broadly com- 
patible with these tentative expectations [257, 259- 
261]: 

a) The monomorphic a wave pattern tends to be on 
average sthenic, stable, and reliable. The probands 



The EEO is produced in the cerebral cortex 




Fig, 15,23, Oversimplified drawing of the human brain show- 
ing the structures involved in production of the EEG 



are more likely to show signs of high spontaneous 
activity and toughmindedness; precision of work, 
especially under stress conditions, and short- 
term memory are especially good. On the other 
hand, information processing is not very quick. 

b) The low- voltage category shows little spontaneous 
activity; the probands tend to be group-oriented 
and extraverted. Spatial orientation is especially 
good. The expected difference in information pro- 
cessing between groups (a) and (b) have been 
shown directly by studying averaged evoked EEG 
potentials [262]. 

c) The group with diffuse P waves shows a high er- 
ror rate in spite of low working speed in tests 
measuring concentration and precision. Stress re- 
sistance seems to be low. The disturbance of the 
a mechanism by high tonic arousal leads to a dis- 
turbance in intelligence test performance, espe- 
cially in tasks measuring the ability for spatial 
orientation. 

An oversimplified picture of the proposed relation- 
ship between EEG variation and personality is given 
in Table 15.12, which also lists some additional EEG 
variants. For example, probands with fast occipital 
a variants (16-19 c/s) seem to excel in abstract think- 
ing and in motor skills. They are probably able to pro- 
cess information rapidly. The EEG literature has re- 
ports on a possible positive correlation between a fre- 
quency and intellectual performance (see [257]). 
Another, very rare EEG variant not shown in Table 
15.12 differs from superficially similar types by a 
number of characteristics; for example, the 4-5 cps 
waves are blocked by eye opening and are immediate- 
ly replaced by a waves after minute disturbances. The 
genetic basis is not quite clear; two concordant MZ 
pairs and a small number of families with more than 
one affected member point to genetic factors, but 
most probands are the only affected persons in other- 
wise normal families. Many probands with this EEG 
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Table 15.12. Hereditary EEG variants, their genetic bases, and their psychological consequences [257] 



EEG type and mode of Genetic variation of EEG Functional consequences Psychological consequences“ 

inheritance 



Monomorphic a waves 
(probably autosomal- 
dominant) 



Fast a variants {16-19/s) 
( autosomal -domin ant) 






Fast information 
processing 



Sthenic (tough- minded), 
stable, resistant to stress 



High intelligence and high 
motor skill 






Low-voltage EEG 
(autosomal-dominant) 



Weak amplification 



Relaxed, little activity, 
conformistic 



Low- voltage borderline 
(mixed group) 



Weak amplification; 
disturbed 



(Mixed group) 



Frontoprecentral 0 groups 
( auto s om aJ - dom i nant) 




(Inconspicuous; undisturb 
ed) 



Tense, disturbed spatial 
orientation, susceptible 
to stress 

Normal EEG (polygenic) 



Diffuse ^ waves 
(polygenic) 



Disturbed information 
processing due to high 
tonic arousal 



^ The psychological characteristics for the various EEG variants are much oversimplified. 



variant show emotional disturbances and abnormal- 
ities in the autonomic nervous system; among psy- 
chiatric patients the variant is much more common 
than in the general population [148]. An anomaly in 
the limbic system may explain these results. 

Association Between a Waves and Spatial Ability. The 
mean performance of women is poorer than that of 
men in test items requiring visual orientation in 
space (Sect. 15.2.2.2). It was shown to be especially 
poor in patients with Turner syndrome. As parieto- 
occipital parts of the cortex are involved in visual 
perception, a relationship of occipital a activity to 



performance in tests for spatial perception is possi- 
ble. Some studies suggest a decrease in spatial ability 
with decreasing a and increasing /? activity as expect- 
ed from the sex difference in both measures. How- 
ever, the evidence is ambiguous. If the above reason- 
ing is correct, we would expect low a and high, dif- 
fuse P activity. A study on 62 Danish females with 
Turner syndrome (age 6-47 years) found precisely 
this when the probands were compared with an age- 
matched control sample of non-Turner women 
[244]. Probands also showed more slow waves in the 
and d ranges as signs of slight functional distur- 
bance, but there were no focal abnormalities. 
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Averaged Evoked EEG Potentials. The brain reacts to a stimu- 
lus by producing a characteristic wave. This reaction, how- 
ever, is so small that it is lost in the “noise” produced by the 
resting EEG. This problem can be overcome by repeating sti- 
muli (e. g., light flashes and sounds) many times and adding 
up the reactions. In this way background noise will level out 
and the averaged evoked potential (AEP) remains. Its charac- 
teristic form has been found to be concordant in MZ twins 
[23]. Some of its properties have been claimed to be corre- 
lated with measures of intelligence [84], personality charac- 
teristics, and susceptibility to mental disease [24]. However, 
there are many controversies regarding details of methods, 
artifacts, epidemiological basis of samples examined, and re- 
sults. A comprehensive study failed to confirm the correla- 
tion with intelligence [262 a]. 

Considerably more work needs to be done on large 
numbers of individuals to validate psychological and 
cognitive correlates of EEG patterns. 



15.2.3.5 Genetic Aspects of Alcoholism 

Alcoholism is defined as a dependence on alcohol 
which leads to social disability. Alcoholism depends 
strongly on the environment. In a society in which al- 
cohol-containing drinks are not available no one can 
become an alcoholic. Even in Western countries 
where opportunity is abundant and social pressure 
tends to favor alcohol consumption, individuals who 
become alcohol-dependent often suffer from person- 
ality disturbances for which no psychological or so- 
cial explanation can be found. There are individual 
differences in alcohol susceptibility, and the possible 
genetic basis of such differences can be studied [187]. 

Animal Models. Experiments with mice and rats suggest that 
genetic variability influences the susceptibility to alcoholism 
(Sect. 15.1.2). Definite differences in alcohol preference have 
been found between inbred strains. These differences were 
shown to be associated not only with differences in alcohol 
metabolism but also with quantitative and qualitative differ- 
ences in response of the brain to alcohol as well. These results 
suggest that genetic differences between humans should also 
be sought at two levels - in alcohol metabolism and in influ- 
ence on brain physiology. 

Studies with Classic Methods: Family, Twin, and Adoption 
Studies. Numerous studies in families of alcoholic probands 
have been performed. Some years ago Cotton [42] reviewed 
no less than 27 studies published in English, in which the 
families of altogether 6251 alcoholics and 4083 nonalcoholics 
were compared. Despite the fact that these studies are not of 
equal caliber since controls were not always investigated, 
some general conclusions are possible: almost one-third of 
all alcoholics had at least one affected parent, and in the ma- 
jority of these cases (25%; range of variation studies: 2.5%- 
50%), the father was an alcoholic. Most studies found rela- 
tives of female alcoholics to be affected more often than those 
of affected males. This could indicate that women become al- 



coholic more often for endogenous reasons, whereas among 
men the immediate cause of alcoholism is related more fre- 
quently to nonfamilial environmental factors. Among family 
members of patients with schizophrenia and affective disor- 
ders, alcoholism was much rarer than in families of alcohol- 
ics. An increased susceptibility to alcoholism is therefore 
not a general feature of patients with major psychiatric disor- 
ders. No specific personality type among alcoholics has been 
discovered. 

Amark in Sweden studied the relatives of 645 alcoholic pro- 
bands. In addition to alcoholism, he also found an increased 
risk of “psychopathy,” “psychogenic psychoses,” and crimi- 
nality, but not of mental retardation, epilepsy, or endogenous 
psychoses. In this connection, it should be remembered that 
in Scandinavian countries, alcohol consumption in daily life 
is shunned more strongly by society than in countries such as 
Italy or France, where alcoholic drinks are a part of daily life. 

Of course, the aggregation of alcoholics in certain families and 
the results of twin studies do not by themselves provide defi- 
nite evidence of genetic susceptibility. Therefore family inves- 
tigations were supplemented by twin and adoption studies. Ta- 
ble 15.13 summarizes data from six twin studies on alcohol 
abuse or alcoholism [187]. Populations from which these sam- 
ples were drawn, as well as methods of investigation, and to 
some degree results differed between these studies, but the 
overall result was that of higher concordance of drinking habits 
and signs of addiction among MZ than among DZ twins. 

A number of adoption studies have been performed [253], in 
Denmark. 

Table 15.14 compares 55 Danish adoptees (age range 
20-40) of whom at least one biological parent had 
been hospitalized for alcoholism with 78 controls 
[68, 69]. The data come from a pool of 5483 adoption 
cases originally established for the study of schizo- 
phrenia. No difference was found between the adopt- 
ing families of probands and controls as to drinking 
habits or socioeconomic background. There was a 
strong dissimilarity between the two groups as to al- 
coholism; a difference also emerged in the frequency 
of divorce, whereas other types of psychopathology 
were similar. The two groups differed only as to alco- 
holism, defined as social and job problems, loss of 
control, withdrawal hallucinations, and psychiatric 
treatment. Heavy and even problem drinkers without 
these symptoms were found among the controls in 
about the same frequency. This study was supple- 
mented by one in which 20 sons of alcoholics who 
were adopted by other families were compared with 
30 of their biological brothers who had not been 
adopted and grew up in the homes of their biological 
parents [68]. As expected, the average socioeconomic 
conditions in these homes were poorer than those in 
the families of the adoptive parents. The result of the 
study, however, was unexpected: among the nonadop- 
ted brothers, the proportion of alcoholics was about 
the same as in the adopted group. Had the environ- 
ment played an important role in causing alcoholism, 
one would have expected many more alcoholics in 



6/8 Behavioral Genetics: Research Strategies and Examples 



Table 15.13. Twin studies on alcohol abuse or alcoholism (from Propping 1992 [187]), with additions 



Reference 


No, of pairs 


Characteristics studied 


Concordance rates (%) 










MZ 


DZ 




Partanen et aJ. 


172 MZ, 557 DZ males 


Amount of intake 






036 






Density of drinking 






0.39 






Lack of control 






0.14 


Loehlin 


850 same-sex pairs 


"Had a hangover” 






0.54 






"Used alcohol excessively” 






0.36 






“Drink before breakfast” 






0,62 






“Never any drinking” 






0.36 


Kaij 


48 MZ, 126 DZ males 


Five degrees of alcohol 
abuse 


55.6-71,4 


20.0-323 




Hrubec and Omenn 


15924 males 


Alcoholism, including 
alcohol psychosis 


26.3 


11.9 




Curling et ak 


28 MZ, 28 DZ, males 
and females 


Alcohol dependence 


21 


25 




Kaprio et al. 


879 MZ, 1940 DZ males 


Frequency of beer drinking 


40.8 


21.5 


0.39 






Frequency of spirits drinking 


323 


13.2 


038 






Density of drinking 


43.6 


23,8 


0.40 






Quantity of drinking 


37.4 


193 


0.36 


Pickens et al. 


81 MZ, 88 DZ, males 


Alcohol abuse and de- 


d76.0 


60.9 


0.35 




and females 


pendence 


9 35,5 


25.0 


0.24 



Table 15.14. Comparison of drinking problems and patterns 
in two adoptive groups (percentages; from Goodwin 1976 
[68], Goodwin et al. 1973 [69]) 





Proban ds^ 
in = 55) 


Controls 
{n = 78) 


Hallucinations* 


6 


0 


Lost control** 


35 


17 


Amnesia 


53 


41 


Tremor 


24 


22 


Morning drinking** 


29 


11 


Delirium tremens 


6 


1 


Rum fits 


2 


0 


Social disapproval 


6 


8 


Marital trouble 


18 


9 


Job trouble 


7 


3 


Drunken driving arrests 


7 


4 


Police trouble, other 


15 


8 


Treated for drinking, any* 


9 


1 


Hospitalized for drinking 


7 


0 


Drinking pattern 
Moderate drinker 


51 


45 


Heavy drinker 


22 


36 


Problem drinker 


9 


14 


Alcoholic** 


IS 


5 



p < 0.02; < 0.05. 

^ Adult male adoptees: At least one biological parent hospita- 
lized for alcoholism. 



the nonadopted group. Therefore these data suggest 
that in a society in which alcoholic drinks are univer- 
sally available genetic factors largely determine whe- 
ther an individual becomes an alcoholic. 

A similar study compared daughters of alcoholics 
who gave them up for adoption with their sisters 
who had stayed with their alcoholic parents. Despite 
the pronounced difference in familial environment 
alcoholism was about equally frequent in the two 
groups, and more common than in the female popu- 
lation [70]. The results of a number of other adoption 
studies are summarized in [187]. 

Psychiatric Symptoms Preceding Alcoholism [2328]. 
Psychological and psychiatric signs and symptoms 
preceding alcoholism might be useful for planning 
preventive measures, especially in children of alco- 
holics. Hyperactive children appear to run a higher 
risk; the three psychological dimensions of novelty 
seeking, harm avoidance, and reward dependence at 
the age of 10-11 years have been found to be correlat- 
ed with alcohol abuse in young adult age. Moreover, 
alcoholism is often combined with depression, but 
the occurrence of alcoholism is not increased in rela- 
tives of depressive, nonalcoholic probands. Cloninger 
[38] tried to differentiate between various personality 
types in children in terms of risks for alcoholism. 
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Fig. 15.24. Alcohol degradation in two successive steps, the first step controlled by alcohol dehydrogenase (ADH), the second by 
acetaldehyde dehydrogenase (ALDH) 




The problem is not simple. Just as there are different 
reasons (or combinations of reasons) for a person to 
become an alcohol addict, predisposing factors may 
also differ. Some of these can be identified. 

Genetic Variability of Alcohol Metabolism. If there is 
genetic variability in susceptibility to alcoholism, 
what is its mechanism? The answer can be sought at 
two levels: alcohol metabolism [la] and alcohol ac- 
tion on the brain. 

Twin studies have shown a strong genetic influence 
on alcohol metabolism [183]. Figure 15.24 shows the 
two most important steps of ethanol oxidation. The 
two most important enzymes are alcohol dehydro- 
genase (ADH) and aldehyde dehydrogenase (ALDH). 
Both are localized in the liver. ADH is determined 
by three autosomal gene loci (ADHp ADH^, ADH3). 
The genes ADH^ and ADH3 are active mainly during 
fetal life; in adults ADH^ is responsible for most of 
the activity in liver and kidney. In 5 %-20 % of indivi- 
duals of European extraction, but in 90% of Japa- 
nese, an atypical variant is discovered. Since at phy- 
siological pH the atypical enzyme shows much more 
activity than the more common one, it has been sug- 
gested that alcohol oxidation pro cedes more rapidly 
in carriers of the atypical enzyme. Moreover, it is 
known that many Japanese show the phenomenon of 
“flushing” after the intake of relatively small amounts 
of alcohol; i. e., the face reddens, pulse rate increases, 
and the individual feels poorly. A similar effect can 
also be produced in carriers of the more common 
ADH variant when they take the drug disulfiram 
(Antabuse) with alcohol. Since this drug is known to 
enhance the level of acetaldehyde by inhibiting 
ALDH (Fig. 15.24), the elevated acetaldehyde levels 
are thought to be the cause of “flushing.” 

The enzyme aldehyde dehydrogenase also shows a 
genetic polymorphism in the Japanese population, al- 
lele frequencies each being around 50%, whereas in 
those of European descent this enzyme variant is 
rare. The Japanese variant is associated with de- 
creased ALDH activity and appears to account for 
the frequent flushing phenomenon. The combination 
of faster production of aldehyde with diminished 



breakdown of this compound presumably accounts 
for the flushing. 

Does this genetic difference in alcohol metabolism 
have something to do with susceptibility to alcohol- 
ism? As mentioned above, flushing causes not only 
an increased pulse rate but is also associated with 
discomfort. This discomfort may prevent carriers of 
the ALDH variant from drinking too much and 
therefore protect them against becoming alcoholics. 
This variant has indeed been shown to be much less 
common among Japanese alcoholics than in the gen- 
eral population [275]. Moreover, studies on normal, 
nonalcoholic Japanese men have shown that “flush- 
ers” tend to drink less alcohol than “nonflushers” 
[233]. The ALDH gene appears to be an anti-alcohol- 
ism gene! 

The ALDH variant with decreased activity is also 
common among Chinese. Just as in Japanese patients, 
this variant is found to be much rarer in Chinese al- 
coholics than in the normal population of Taiwan. In 
addition, the atypical ADH variant is also reduced 
among these alcoholics [241]. 

Reaction of the Brain to Alcohol as Measured by the 
EEG. Hints to the genetic determination of alcohol- 
ism were found, when the reaction of the brain to al- 
cohol was examined using the EEG [182]. A twin sam- 
ple yielded measurements of EEG characteristics, 
such as amplitudes and distribution of frequencies, 
with high heritabilities; the EEGs of MZ twins had a 
tendency to become even similar after alcohol. Even 
more interesting were the differences in reaction 
when the resting EEG was considered. Individuals 
with a prominent and stable a rhythm in the resting 
stage showed relatively little change after alcohol in- 
take (Fig. 15.25). On the other hand, persons whose 
EEG at rest showed less well-developed a waves had 
a stronger response to alcohol intake: their a waves 
were much more prominent and stable after alcohol 
than in the resting EEG (Fig. 15.26). These reactions 
were highly concordant in MZ twins but in some 
cases discordant in DZ twins. 

Some other twins showed qualitatively deviating re- 
actions, for example, j 3 waves. Individuals with low- 
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Fig. 15.25. A male adult MZ twin pair with well-developed oc- latively small increase of a activity 120 min after ethanol in- 
cipital a rhythm. Loading with 1.2 g/kg ethanol leads to a re- take. (From Propping 1977 [182]) 



Resting EEG 



120 Min. after alcohol intake 



1 








l50|jV , ^ sec- , 




Fig. 15.26. A male adult MZ twin pair with relatively poorly 
expressed a waves in the resting EEG; 120 min after intake 



voltage EEG, a variant with a single dominant mode 
of inheritance (Sect. 6.1), did not react to alcohol by 
increased a wave production. Hence there are 
strong genetically determined differences between 
individuals in the reaction of their brains to alco- 
hol. These differences were not caused by a corre- 
sponding variability in alcohol metabolism. There 
was no relationship between alcohol blood level 
and EEG reactivity. Still more important, the alco- 
hol-induced modification of EEG pattern persisted 
for a relatively long time after most of the alcohol 
was metabolized. The response of the brain itself 
appears to be subject to a genetically determined 
difference. 

Can Our Knowledge of Neurophysiological Mechan- 
isms of the EEG Explain the Differential Reaction to 
Alcohol? The mechanisms of EEG production, which 
are explained in Sect. 15.2.3.4, might help to under- 
stand brain function as altered by alcohol. The pace- 
maker in the thalamus is influenced only slightly in 
individuals with well-developed a rhythm. Its syn- 



of 1.2 g/kg ethanol, the a rhythm is strikingly enhanced. 
(From Propping 1977 [186]) 



chronizing function is improved, on the other hand, 
in subjects in whom the normal spontaneous a 
rhythm shows a tendency to desynchronization. 
This tendency may be caused by a stronger desyn- 
chronizing input from the reticular system. Is there 
any evidence that could connect these two pieces of 
information, suggesting a specific hypothesis for a 
genetic component of alcoholism? 

It has been noted that some alcoholics tend to have a poor 
a rhythm [182]. More specifically, their a rhythm is often de- 
scribed as being similar so that depicted for twins showing a 
strong alcohol reaction (Fig. 15.26). It is not quite clear, how- 
ever, whether this EEG pattern is one of the causes of alco- 
holism or a consequence of alcohol action on the brain either 
directly or via liver damage. On the other hand, meditation 
techniques, such as transcendental meditation, enhance a ac- 
tivity. The subjective result of meditation is that of relaxation 
and peacefulness. The same result can sometimes be achieved 
by direct attempts at enhancing a activity by biofeedback. 
One can feed the EEG into a device that emits a sound as 
long as a waves are produced. The proband is asked to try 
to maintain this sound as long as possible. In this way a ac- 





Behavioral Genetics in Humans 68i 



tivity can be enhanced for a limited time. Often the probands 
describe their feeling tone as relaxed, bordering on happi- 
ness; their condition seems to resemble that achieved by 
meditation [ii]. 

These results suggest a neurophysiological and genet- 
ic hypothesis for some cases of alcoholism. Suscept- 
ibility to alcoholism is high in persons who normally 
suffer from a relatively high level of tonic arousal or a 
weak resistance of the thalamic pacemaker. This high 
arousal level is attenuated by alcohol, and the person 
feels better. This positively reinforces alcohol con- 
sumption and may result in alcoholism. This hypo- 
thesis has been confirmed by EEG studies on nonal- 
coholic family members of alcoholics [179, 188]. 
Some of them showed similar EEG patterns; therefore 
the EEG could not be the effect of chronic alcohol 
abuse. In one study, however, the reduction in aver- 
age a activity was found only in female and not in 
male alcoholics. At the same time, these women 
were found by independent psychiatric evidence to 
become alcoholic more often regardless of external 
circumstances, whereas most of the men had become 
alcoholics as a result of social pressure and other ex- 
ternal factors [188]. 

This example shows how genetic susceptibility may 
lead to different phenotypic effects, depending on 
the sociocultural environment. In Western society 
with its strong emphasis on social drinking, the ge- 
netically susceptible individual is in danger of be- 
coming an alcoholic. In a Buddhist setting the same 
person would probably become one especially dedi- 
cated to meditation. 

The arousal-attenuating effect on the reticular system 
is not the only alcohol effect on the brain. Twin stu- 
dies suggest genetic variability for other aspects of 
brain function as well. The example above has been 
described in detail, since it is one of the first instan- 
ces in which neurophysiological data and concepts 
have been used to develop a genetic hypothesis. Neu- 
rophysiology is a highly developed field of science 
into which genetic concepts and methods are begin- 
ning to be introduced. Human geneticists have only 
rarely tried to include concepts of neurophysiology 
in their thinking. The main reason for this barrier is 
the compartmentalization of science, such that until 
recently physiology in general and neurophysiology 
in particular have been less influenced by genetics 
than most other fields in biology. The reason may be 
that physiology is less reductionistic and deals more 
with interpretation of integrated systems and feed- 
back processes than other areas in biology [137]. Stu- 
dies on the molecular basis of EEG variants and epi- 
lepsies are now bridging this gap. There are very few 
studies on genetic aspects of non-alcohol substance 
abuse [74 a]. 



15.2.3.6 Brain Physiology: 

Genetic Variability Affecting 
of Neurotransmitters 

Analysis at the Biochemical Level Is Needed: The Synapsis. Ge- 
netic analysis at the EEG level, while conceptually more satis- 
factory than analysis of behavioral phenotypes, in the long 
run will have limited success. Resolution at the DNA level 
and at the level of enzymes and proteins will have to be 
achieved. Where could we find genetic variability of enzymes 
and proteins that may influence brain function? 

The main functional components of the nervous system are 
neurons. These are single cells with one nucleus, one long 
branch that is called neurite or axon and functions as the 
effector organ of the neuron, and a number of elaborately 
branched dendrites that establish contacts with other nerve 
cells via the so-called synapses. One neuron may have many 
thousands of synapses. A reduction in their number has 
been observed in many etiologically different types of mental 
retardation (Fig. 15.20). Figure 15.27 shows the main orga- 
nelles of a synapsis. The presynaptic terminal and the post- 
synaptic membrane are separated by a narrow synaptic cleft. 
When the nerve impulse reaches the presynaptic terminal, 
transmission across the synapsis is effected by chemical 
means. The specific transmitter substances are prepacked in 
quanta of some thousands of molecules in the vesicles of the 
presynaptic terminals. The arriving impulse causes one or a 
very few vesicles to liberate their quanta of transmitter into 
the synaptic cleft. Thus, the transmitter can act on specific 
receptor sites of the postsynaptic membrane. This reaction 
causes Na^ ions to diffuse across the membrane and bring 
about a change in electric potential. There are two types of 
synapses: excitatory and inhibitory. When a neuron receives 
a sufficient number of impulses from excitatory synapses, 
the axon “fires,” i. e., it releases an impulse. An inhibitory sy- 
napsis, on the other hand, may cause an inhibitory hyperpo- 
larization of the postsynaptic membrane, which prevents de- 
polarization from reaching the critical level above which the 
neuron fires. In this way an excitatory impulse can be trans- 
mitted to an ever-increasing number of excitatory nerve cells; 
this “chain reaction” is prevented from evolving into an “ex- 
plosion” by intercalation of inhibitory nerve cells. 

This chain of events suggests a number of possibilities for ge- 
netic variability. For example, the enzymes for synthesis or 
breakdown of neurotransmitter molecules may have different 
activities, the membrane may show structural differences 
that influence its permeability to neurotransmitter or enzyme 
molecules, there might be differences in receptors, or outside 
regulating processes may influence the function of the synap- 
sis at various levels. Some results in mental diseases do in- 
deed suggest abnormalities in neurotransmitter function. 

Chemical Types of Neurotransmitters. Several com- 
pounds are used in the brain as neurotransmitters; 
synapses are specialized for one type. The best 
known examples are norepinephrine (adrenergic syn- 
apses) and acetylcholine (cholinergic synapses). The 
reason that their analysis has so far been most suc- 
cessful is technical: both can be studied in cells of 
the peripheral nervous system. For example, neurons 
of the sympathetic nervous system are adrenergic. 
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Fig. 15.27. Schematic representation of an adrenergic 
synapsis with its most important organelles. Nore- 
pinephrine is synthesized from tyrosine, stored in 
granules, released into the synaptic cleft, and bound 
to receptors of the effector cell on the postsynaptic 
membrane (see text for further explanation). MAO, 
Monoamine oxidase; COMT, catecholamine 0 -me- 
thyltransferase; DBH, dopamine y^-hydroxylase 



neurons of the parasympathetic nervous system are 
cholinergic. In the brain, however, these two types of 
synapses together constitute only a minority of all 
neurons; a variety of amino acids (histamine, gluta- 
mic acid, aspartic acid, glycine, and possibly others) 
act as neurotransmitters. Not only synthesis but also 
inactivation is important for their activity. The main 
groups of neurotransmitters are: 

- Norepinephrine 

- Acetylcholine 

- Dopamine 

- Gamma-aminobutyric acid (GABA) 

- Glycine 

- L-glutamic acid 

- L-aspartic acid 

- Histamine 

- Serotonin 

Two classes of substances have recently attracted 
much attention as they appear to be altered in both 
affective disorders and schizophrenic psychoses: the 
catecholamines norepinephrine and epinephrine and 
their precursors, and especially dopamine, and the 
indoleamines, especially 5 -hydroxy tryptamine (sero- 
tonin). Here we confine ourselves mainly to one 
group, the catecholamines. 

Catecholamines. Epinephrine and norepinephrine are 
formed from tyrosine. The function of an adrenergic 
synapsis is shown in Fig. 15.27. This example demon- 



strates some of the possibilities for genetic variabil- 
ity and, at the same time, for experimental approach- 
es to analyze this variability. In the present context we 
can give only an simplified picture. Norepinephrine, 
when not used as a neurotransmitter, or after having 
performed this function, must be inactivated. Two 
enzymes have often been examined here: catechola- 
mine- 0-methyltransferase (COMT) and monoamine 
oxidase (MAO). The concentration of norepinephrine 
may be enhanced or lowered - or the synapses may 
even be depleted of this neuro transmitter - either by 
altering synthesis or degradation of this substance. 
Genetic analysis of variability in these and other en- 
zymes is difficult as the human brain is not directly 
accessible to our analysis. There are three ways to 
overcome this difficulty: 

1. Experiments with animals. 

2. Examination of these enzymes in other, more easi- 
ly accessible tissues. 

3. Study of genes for enzymes and receptors involved 
in neurotransmitter function at the gene-DNA lev- 
el. In the long run this is probably the most pro- 
mising approach. 

Animal Experiments on Genetic Variability in Catecholamine 
Metabolism [36, 37]. The enzymes tyrosine hydroxylase, do- 
pamine ^-hydroxylase, and phenylethanolamine-N-methyl- 
transferase have been shown to have about twice the activity 
in the adrenals of the inbred BALB/c as in the BALB/cN 
mouse line. In F^, F^^ and back-cross progenies single genes 
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control these enzyme activities, suggesting that either the 
structural genes for these enzymes are closely linked or that 
they are under a common genetic regulatory control. 

Another manifestation of genetic variability is the level of 
cAMP, which acts as a second messenger for various hor- 
mones and neurotransmitters [270]. cAMP content was found 
to be differ in the brains of four inbred mouse strains. 

These experiments suggest complex regulation of the quan- 
tity of norepinephrine in adrenergic synapses of the brain; 
it may be recalled that the resulting differences in activity 
are correlated with differences in aggressive behavior 
(Sect. 15.1.2). In view of these complexities it seems to be a 
difficult undertaking to examine the same enzymes in hu- 
mans and to draw conclusions about differences in neuro- 
transmitter in the human brain on the basis of measurements 
of its activity. However, there are some indications that the 
approach may lead to the detection of genetic variability 
that could help to understand the genetics of normal and de- 
viant behavior. 

Psychotropic Drugs [186]. Research on mental disease 
was encouraged by the observation that the symp- 
toms of affective and mental disorders can be influ- 
enced by psychopharmacological agents. These drugs 
were shown to influence synaptic transmitter func- 
tion, especially the function of norepinephrine. It 
was observed, for example, that some patients with 
depression responded better to MAO inhibitors and 
others to tricyclic antidepressants, such as imipra- 
mine. Moreover, relatives who suffered from depres- 
sions responded positively to the same drug as the 
proband. This familial tendency to respond to one 
class of drugs and not to the other suggests genetic 
factors. Each drug affects the function of norepi- 
nephrine on adrenergic synapses. MAO inhibitors re- 
duce the degradation of epinephrine, thereby enhanc- 
ing the amount of available at the synapsis. Tricyclic 
antidepressants, such as imipramine, reduce reab- 
sorption of norepinephrine into the neuron from 
which it was released, thereby enhancing the avail- 
able amount of norepinephrine for neurotransmis- 
sion. The interfamilial differences in therapeutic effi- 
ciency of those drugs could conceivably point to dif- 
ferent genetic anomalies at the synapses in these fa- 
milies. Such specific conclusions, however, are made 
difficult by the observation that there are genetic dif- 
ferences between humans in the metabolism of these 
drugs and hence in their steady-state blood levels. 
The differences between families may thus be caused 
by genetic differences in drug metabolism rather 
than in target organs. Such metabolic differences 
have been demonstrated for the tricyclic antidepres- 
sant nortriptyline, which only differs slightly from 
imipramine [186]. 

In interpreting possible genetic differences in psy- 
chopharmacological reactions both the drug metabo- 
lism and the target organ - mainly the brain must be 
considered. Experiments are needed in which bio- 



synthesis and blood level are held constant so that ef- 
fects at the level of brain can be studied. Such investi- 
gations in humans are necessary not only to obtain a 
deeper understanding of the genetic basis of affective 
and other mental diseases but to design rational drug 
therapy as well. 

Possible Genetic Variability at the Level of Receptors: 
Isoreceptors. The action of neurotransmitters de- 
pends, in addition to their availability in sufficient 
quantities, on their binding to specific receptors at 
the postsynaptic membrane of the effector cell. Ana- 
lysis of receptors has become an important field of 
molecular genetic research in medicine since their 
genetic variation has turned out to cause genetic dis- 
ease. [See, for example, the role of deficient androgen 
receptors for testicular feminization (Sect. 8.5) and 
that of LDL receptors in familial hypercholesterol- 
emia (Sect. 7.6.4). Genetic variation of receptors for 
neurotransmitters is now being studied intensively. 
Genes for such receptors have been localized and in 
part analyzed in the human genome. Study of their 
genetic variation is therefore possible at the DNA 
level. There are indications that genetic variation in 
the “normal” range may exist in receptor genes as 
found previously for genes determining enzymes 
and other proteins (Sect. 12.1.2). Just as we refer to 
“isoenzymes,” the concept of “isoreceptors” [81] may 
become familiar in the future. The dopamine 
receptor may be one example. 

There are five dopamine receptor genes (D^-D^), loca- 
lized on different human chromosomes. Their struc- 
ture is compared in Fig. 15.28. They are part of a 
superfamily of heptahelical receptor transmembrane 
domains that are coupled to their intracellular trans- 
duction system by a G protein. The dopamine recep- 
tors have been identified in various parts of the brain 
and react with partially different antagonists [220] 
(Table 15.15). Inter individual variation of the receptor 
structure in the normal range is likely and a new field 
for linkage and association studies is opening up. 
Studies on the association of a variant of the D2 do- 
pamine receptor gene with various psychiatric con- 
ditions including alcoholism have failed to produce 
consistent results so far. 

Other receptor families include the acetylcholine, 
GABA, glycine, and adrenoreceptors [82, 220]. An in- 
creasing number have now been cloned and are avail- 
able for further study. 

Conclusions 

While the genetic determination of human behavior 
may be the most interesting field of human genetics 
it is also the most controversial. Its study is made dif- 
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Fig. 15.28. The family of dopamine receptor 
genes and comparison with rhodopsin. The 
scale indicates the length of the amino acid 
sequence. Blackened areas, alternative exons. 
(From Sokoloff et al. 1992 [220]; modified) 



Table 15.15. Dopamine receptor subtypes (from Sokoloff et al. 1992 [220]) 
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ficult by technical factors. The following approaches 
have been used: (a) Studies on animal models, mainly 
mice, but also insects and more primitive animals; 
(b) studies using measurable psychological pheno- 
types such as intelligence in the normal as well as in 
the subnormal range; (c) examination of individuals 
showing specified genetic defects, such as chromo- 
somal aberrations; (d) studies of genetic mechanisms 
influencing variability of sensory functions such as 
vision, hearing, and taste; (e) examination of the in- 
fluence of genetically determined, neurobiological 
traits on behavior, such as EEG or neurotransmitters; 
(f) investigations of abnormal and borderline pheno- 
types such as alcoholism, homosexuality, and socially 
deviant behavior. Analyses in humans carried out at 
the quantitative-phenotypic levels have often failed 
to disentangle heredity (nature) from environment 
(nurture). Human studies often utilized the twin 
method. Definite understanding of human behavior- 
ial variation in health and disease will require the 
analysis of specific genes affecting neurobiological 
mechanisms. 
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Though this be madnessy yet there is method inT 
W. Shakespearey Hamlet 



16.1 Affective Disorders 

Genetic Investigations in Affective Disorders and Schi- 
zophrenia. Genetic studies on these conditions have a 
long history. After many case reports in the pre-Men- 
delian area, the classic work by Riidin appeared in 
1916 [45]. This owed its statistical sophistication to 
collaboration with Weinberg, of “Hardy- Weinberg” 
fame, and became a paradigmatic model for the phe- 
notypic-biometric approach to such disorders. Fol- 
lowing this paradigm, many family and twin studies 
were carried out. These studies clearly established 
that genetic variability plays a major part in causing 
affective diseases and schizophrenia (Fig. 16.1, 16.2). 
Moreover, this work contributed much to increasing 
the sophistication of statistical methodology for es- 
tablishing empirical risk figures needed in genetic 
counseling [28]. These empirical results, however, 
left an increasing number of research workers dissa- 
tisfied, and there is a long list of - mostly futile - at- 
tempts to move genetic analysis to a level closer to 
gene action and to discover the biological bases for 
these disorders. 

Affective disorders include manic-depressive or bi- 
polar disease and unipolar depression. Another large 
group of common psychoses is usually classified as 
schizophrenia. Affective disorders are characterized 
mainly by cyclic anomalies of feeling tone - depres- 
sion or mania - whereas in schizophrenia, anomalies 
of thought patterns and loss of contact with reality 
are the main symptoms. 

Twin and Family Studies of Affective Disorders [14, 
40, 51, 61]. Older studies usually regarded the group 
of affective disorders as a single entity. Twin and fa- 
mily studies began with unselected series of patients 
or with affected twins to establish empirical risk fig- 
ures for the various degrees of family relationship 
(Sect. 4.3.6). Figure 16.1 presents reported twin series. 
Concordance in MZ twins is obviously much higher 
than in DZ twins, suggesting - if the straightforward 
interpretation is accepted - a genetic contribution. It 
is particularly important that the concordance rate 
of 12 MZ pairs reared apart was 67% and thus of the 



same order of magnitude as that MZ twins reared to- 
gether [61]. Concordance even between MZ twins is 
far from complete. This finding confirms the impor- 
tance of environmental factors. Unfortunately, the 
concordance rates in Fig. 16.1 were calculated without 
age correction; it is therefore possible that some dis- 
cordant pairs sooner or later become concordant. 
Figure 16.1 does not contain data from the most com- 
prehensive twin study [4]: this requires a more de- 
tailed discussion. It was based on a complete registra- 
tion of Danish twins; there were 55 MZ and 52 DZ 
pairs in which at least one partner had been diag- 
nosed with an affective disorder. In addition to a 
“narrow” diagnostic classification, the authors also 
used a “broad” one. Table 16.1 presents the results. 
Moreover, concordance in unipolar female MZ twins 
was higher than in unipolar male MZ twins. Such a 
sex difference was not found in bipolar twins. In 
only a few pairs did one partner show unipolar and 
the other bipolar disease; the great majority were 
also concordant regarding disease type. Bipolar dis- 
ease is therefore almost completely genetically deter- 
mined, when somewhat atypical and less severe man- 
ifestations are included. In unipolar diseases, on the 
other hand, environmental influence may be stronger. 
If the environmental pathogenic influence were the 
affected parents, we would expect a higher propor- 
tion of affected children from the affected than from 
the nonaffected partner of a discordant MZ pair. 
This, however, was not found [3]. Therefore this fac- 
tor does not appear to be important. The same strat- 
egy has been applied in schizophrenia, with the 
same result (see below). 

In nonpsychotic (neurotic, reactive) depression the 
concordance rate in MZ twins is lower than in the 
“psychotic” types discussed above but still higher in 
MZ than in DZ twins [50]. Delineating this type of 
depression from the psychotic types may be diagnos- 
tically difficult. 

Bipolar and Unipolar Types: Empirical Risk Figures. 
Neither the twin data nor the older family studies se- 
parated bipolar patients, i. e., those with both manic 
and depressive phases, from unipolar cases, i. e., those 
suffering only from depression. Leonhard [31] first 
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Va concordance rate for affective illness in twins 




Fig. i6.i. Concordance and discordance for affective illness in MZ and DZ twins, n, Number of concordant pairs/total number 
of twin pairs 







suggested that these two disorders are genetically dis- 
tinct. Subsequent studies have consistently confirmed 
that bipolar patients have more bipolar relatives than 
unipolar patients. However, the prevalence of unipo- 
lar depression is much greater among relatives of bi- 



polar patients than in the general population. These 
conclusions were confirmed by a comparative study 
of biological and adoptive parents of bipolar patients 
[35]. The degree of psychopathology, especially affec- 
tive disorders, in the biological parents of these adop- 
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[56]. The number of registered psychiatric illnesses 
in adoptive fathers was about fivefold that in the con- 
trols (adoptive fathers of carefully matched, psychia- 
trically normal controls). On the other hand, a three- 
fold increase in psychiatric illness was found only in 
biological mothers of female patients. These data sug- 
gest a major contribution of familial, exogenous fac- 
tors in unipolar affective disease. Moreover, some 
other psychiatric disturbances, such as a personality 
type characterized by unusual mood swings, mild to 
moderate depressions, alcoholism, and acute nonre- 
current psychosis, are more frequent among relatives 
of affective disorder patients. Another interesting as- 
pect is a sex difference. Female first-degree relatives 
of bipolar probands are affected 1.5-2 times more fre- 
quently than male first-degree relatives. No consis- 
tent sex difference has been shown among first-de- 
gree relatives of unipolar probands. Table 6.2 shows 
the most important empirical risk figures. 

Simple Modes of Inheritance: Problems with Linkage 
Studies. Taken at face value, these empirical risk fig- 
ures are not compatible with a simple mode of in- 
heritance. However, some observations fairly consis- 
tently suggest participation of major genes in at least 
some cases. Some pedigrees point to an autosomal- 



Table 16.2. Empirical risk figures for affective disorders (six series; both bipolar and unipolar disease in relatives; from Ger- 
shon et al. 1976 [14]) 



a) Influence of age at onset 


in proband 
















Type of disease 


Age al onset 




Number of first-degree 




Affected (%) 












relatives 










Bipolar 


<40 






561 






19.9 






>40 






276 






11.2 




Unipolar 


<40 






886 






16.7 






>40 






933 






9.5 




b) Influence of sex of proband (age corrected®) 


Sex of proband 


Sibs 








Children 










n 




Affected ( %} 


n 




Affected (%) 




d 


9 


d 


9 


d 


9 


d 


9 


Bipolar probands 


















d 


146.9 


135.1 


12.3 


15.5 


115.9 


122.2 


8.6 


21.3 


9 


136.9 


137.3 


n.o 


19.7 


179.0 


167.8 


13.4 


16.7 


Unipolar probands 


















d 


296.6 


307.0 


16.2 


12.1 


305.5 


335.8 


10.5 


n.o 


9 


743.9 


789.1 


7.8 


13.6 


717.4 


755.2 


7.8 


15.2 



tees was found to be similar to that of the parents of 
nonadopted bipolar patients, whereas the rate of psy- 
chiatric disorder in the adoptive parents of manic-de- 
pressive patients was similar to that of the adoptive 
parents of unaffected controls. 

In another study [59] which included a broader spec- 
trum of diagnoses, biological relatives also showed 
somewhat higher frequencies of affective anomalies; 
their rate of suicides was also increased. 

An adoption study on depressive disorders, mainly of 
the unipolar type, produced a quite different result 



Table 16.1. Twin data on concordance in affective disorders 
(percentages; from Bertelsen et al. 1977 [4]) 





Narrow 

diagnostic 

classification 


Broad 

disagnostic 

classification 


MZ twins (n = 55) 


Bipolar 


79 


97 


Unipolar 


54 


77 


DZ twins (n = 52) 


Bipolar 


24 


38 


Unipolar 


19 


35 



Correction for age may lead to decimals in numbers of relatives at risk. 
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dominant mode of inheritance. Other pedigrees sug- 
gest X-linked dominant inheritance; such cases seem 
to be characterized by relatively early onset and 
good response to lithium treatment [60]. Both severe 
and mild, questionable, bipolar and unipolar psycho- 
ses have been observed in such families. Delineation 
of an X-linked dominant from an autosomal-domi- 
nant mode of inheritance is difficult (see Sect. 4.1.4), 
especially in the case of a clinically indistinguishable 
autosomal-dominant type. 

An argument in favor of X-linked inheritance would 
be linkage with X-linked markers. The hypothesis of 
an X-linked dominant mode of inheritance was sug- 
gested by the fact that unipolar depression is more 
common in females [60]. Some pedigrees suggested 
but did not quite prove X-linked inheritance. Definite 
demonstration of linkage with X-linked traits (color 
vision, G6PD deficiency, etc.) or X-linked DNA poly- 
morphisms would confirm X linkage. Such positive 
linkage results have been reported repeatedly but 
have not been able to be replicated in studies on 
other pedigrees. The most plausible explanation 
seemed to be that a mutant X-linked gene causes bi- 
polar affective disorder in a few but not in all such 
pedigrees, i.e., that there is genetic heterogeneity. 
Moreover, genetic heterogeneity could also exist 
within the group of X-linked types; the example of 
the numerous types of X-linked mental retardation 
shows that different genetic mechanisms may lead to 
phenotypically similar anomalies. More recently, 
however, a critical assessment of pedigrees with af- 
fective disorders supposedly pointing to X-linked in- 
heritance has led to the conclusion that this mode of 
inheritance is unlikely in most pedigrees [22]. 

These difficulties bring up a more general discussion 
of linkage studies in psychiatric and other complex 
diseases. As explained in greater detail in Chap. 5, a 
key strategy for disentangling the genetic compo- 
nents of complex diseases is detection and localiza- 
tion of genes by linkage with genetic markers. This 
strategy is based on the plausible hypothesis that in 
some instances one gene may cause so much of the 
variation in disease liability that a linkage study 
with such a “major gene” would produce a positive 
result. Two conditions are required: 

1. A single gene locus must contribute so much to the 
variation leading to the disease that a linkage study 
with realistic sample size could show a positive re- 
sult. 

2. The implicated gene locus must be located so close 
to the genetic marker that linkage can be shown 
using customary statistical methods. 

Two approaches are available in principle: (a) the 
method using a logarithm of differences (lod score) 
and (b) the method of affected sibs (or close relatives; 



Sect. 5.1). The lod method gives optimal results when 
there is a clearcut monogenic, preferably dominant, 
mode of inheritance, and when the affection status 
of an individual in families can be inferred from phe- 
notypes or can otherwise be identified unequivocally. 
It may lead to wrong results if the assumption of a 
monogenic mode of inheritance requires additional 
hypotheses such as incomplete penetrance. There is 
a risk that assumptions regarding attribution of indi- 
viduals to certain genotypes are incorrect. Under 
these conditions there may even be unconscious ma- 
nipulation of the data so that lod scores are maxi- 
mized in favor of linkage. This risk does not exist in 
the affected sibs (or affected relatives) method be- 
cause here only the marker profile of two affected in- 
dividuals is considered, and no assumptions regard- 
ing mode of inheritance are necessary. However, this 
method suffers from another drawback: a much lar- 
ger sample of sib pairs is needed, and pairs of sibs 
or relatives are normally derived from many different 
families. Therefore an accumulation of evidence for 
linkage is possible only if the same major gene is in- 
volved in a substantial proportion of these families. 
If the sib pairs are a mixture of cases in which differ- 
ent major genes are involved and include instances 
in which the disease is caused by an unlucky combi- 
nation of several minor genetic deviations, the sib 
pair method may not yield positive results. 

These considerations suggest the following alternate 
strategy: select large families with many affected 
members. Here one has the best chance of identifying 
a major gene. Localization and analysis of such a 
gene and its mechanism of action after positional 
cloning (Sect.3.1.3.9) may then be successful. A posi- 
tive linkage result, however, cannot be generalized to 
all other cases and families with this disease. How- 
ever, once the pathophysiological mechanisms in- 
volved have been suggested by the nature of the de- 
tected gene, a search for functionally related genes 
that may be implicated in other cases can be initiated. 
Large families with many members showing psychia- 
tric diseases are very rare; families with two or a few 
affected members are much more common. Here a 
certain amount of homogeneity can be achieved if fa- 
milies are selected from a population that has been 
isolated for a long time so that founder effects or ge- 
netic drift or both could have led to an increase in 
certain gene frequencies (See Chap. 14). 

One of the most ambitious attempts to localize a 
major gene for bipolar affective disorder was made 
in a huge family with many affected members among 
the Amish, a religious isolate in Pennsylvania. The 
data were compatible with the assumption of an auto- 
somal-dominant mode of inheritance with 63 % pene- 
trance; a linkage study using lod scores seemed to 
give clearcut evidence of linkage with two markers 
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on the short arm of chromosome 11 - the insulin gene 
and the gene for the HRASi oncogen [8]. This locali- 
zation seemed plausible since the structural gene for 
tyrosine hydroxylase is located in the same area; 
This is the rate-limiting enzyme for the synthesis of 
catecholamines that may be involved in affective dis- 
orders. Unfortunately, however, this linkage was not 
confirmed by further studies in families from other 
populations and not even in a restudy with the addi- 
tion of more cases in the same family [25]. Lack of 
confirmation within the same family indicates a ser- 
ious weakness of the lod score method since the shift 
of assignment in disease status of merely a few pa- 
tients in the pedigree can substantially alter the lod 
scores and render positive results no longer compati- 
ble with linkage. 

Schizoaffective Disorder [40, 55]. Modern psychiatry 
began with Kraepelin, who postulated two main 
groups of mental diseases: affective disorders and 
schizophrenia. Most patients can be assigned to one 
of these two groups, and family studies confirm this 
subdivision. Secondary cases in families of schizo- 
phrenic probands tend to have schizophrenia; those 
in families of patients with affective disorders are 
affected principally with affective disorders. How- 
ever, there are exceptions. Among first-degree rela- 
tives of patients with affective disorders schizophre- 
nia is slightly more common than in the general po- 
pulation [37, 43], and among relatives of schizophre- 
nia probands the proportion of patients with “major 
depression” is decreased [32]. Moreover, some pa- 
tients suffer from a “schizoaffective psychosis,” i.e., 
they show clinical signs of both groups of diseases; 
among their relatives both diseases are increased, in 
addition to schizoaffective disorders [40, 51]. MZ 
twin pairs are occasionally observed in which one 
partner was diagnosed as schizophrenic and the 
other as having affective disorder. There may thus 
be genes creating a nonspecific vulnerability which 
leads to either of theses diseases, depending on addi- 
tional conditions. Moreover, in a few families one 
finds cosegregation of some genes increasing liability 
for affective disorders and others that for schizophre- 
nia. 

There is no evidence whatever for linkage with X- 
linked markers in families in which only unipolar 
psychoses are found. Furthermore, in this group 
women are affected more often than men, age at on- 
set is usually later, and in a large subgroup depres- 
sions occur in phases of hormonal instability, such 
as pregnancy, after delivery, and especially during 
menopause. In conclusion, the family data on affec- 
tive disorders, in addition to confirming the hypoth- 
esis of a strong genetic contribution, suggest genetic 
heterogeneity and different biological mechanisms. 



16.2 Schizophrenia 

Diagnosis and Epidemiology [16, 20, 40]. Most psy- 
chiatrists would agree on the diagnosis of a “classical” 
case of schizophrenia, but there is much disagreement 
regarding less typical cases. This disagreement has 
been overcome, at least in part, by adoption of strict 
criteria for clinical diagnosis, generally that of either 
the International Classification of Diseases (ICD) or 
the third edition of the Diagnostic and Statistical Man- 
ual of Mental Disorders (DSM III). Most of the data dis- 
cussed in this chapter were not collected using either of 
these systems; differences in the diagnostic criteria 
used may therefore exist between different authors. 
Psychoses classified as schizophrenia have been ob- 
served in all populations studied; the lifetime preva- 
lence appears to be amazingly similar (approx. 1%). 
This makes the claim that schizophrenia was a new 
disease and originated in the eighteenth century [16] 
not very likely, despite the lack of convincing histori- 
cal evidence before this time. While the genetic pro- 
blems posed by this disease have repeatedly been stu- 
died, no clearcut results have yet emerged. 

Twin and Family Studies in Schizophrenia [17, 18, 21, 
40, 44, 61]. Figure 16.2 summarizes twin studies on 
schizophrenia. While showing generally higher con- 
cordance in MZ than in DZ twins, these data indicate 
a considerable degree of statistical heterogeneity for 
concordance in MZ pairs. More recent studies usually 
show lower concordances than older studies. In part 
this discrepancy is caused by the mode of ascertain- 
ment. Older studies were based on “limited represen- 
tative” sampling: probands were an unselected series 
of patients, and the authors ascertained whether these 
probands had twins, and whether these twins were 
affected or unaffected. More recent series, on the 
other hand, are based on “unlimited representative” 
sampling [11, 30, 48]: all twin pairs in the population 
are first ascertained, then all pairs in which at least 
one twin is schizophrenic are selected. In contrast to 
“limited representative” sampling, this method also 
includes probands who are less severely affected and 
therefore have little or no chance of being included 
in a series based largely on hospital admissions. Low- 
er concordance rates are therefore not surprising. 
Lower concordance rates for MZ twins with milder 
clinical symptoms have repeatedly been reported in 
other studies [57]. 

In some studies the analysis of discordant MZ pairs 
has revealed differences in the premorbid personality 
during childhood and youth [48, 49]. Table 16.3 
shows some of the environmental factors studied in 
a Finnish twin series. Differences in health and in 
attitudes of parents and sibs, especially the co-twin. 



698 Behavioral Genetics: Affective Disorders and Schizophrenia 



Table 16.3. Environmental factors in 16 discordant MZ twins 
discordant for schizophrenia (from Tienari 1963 [48]) 





Twins 

with 

schizo- 

phrenia 


Non- 
psycho- 
tic twins 


First born 


10 


6 


Lower birth weight 


8 


6 


More difficult delivery 


5 


2 


Bigger during childhood 


7 


9 


Dominating during childhood 


1 


14 


More lively during childhood 


6 


8 


“Speaker” during childhood 


4 


12 


More adjusted during childhood 


8 


- 


More sensitive during childhood 


5 


_ 


More timid during childhood 


3 


4 


Better in school 


3 


10 


Started working earlier 


1 


6 


Left parental home earlier 


_ 


6 


Married earlier 


1 


10 


Unmarried (twin married) 


7 


_ 


l.ower social status 


6 




More withdrawn 


7 


_ 


More often sick during childhood 


3 


2 


Stronger during childhood 


7 


9 



combined with external stress lead to a severe psy- 
chosis in some cases, whereas others are more mildly 
affected or even healthy in spite of their identical 
genetic constitution. Table 16.3 includes the most im- 
portant biographical events that are considered by 
psychodynamically oriented authors to be responsi- 
ble for the onset of schizophrenia. The effect of these 
events has been shown convincingly by descriptions 
of life histories such as that of the famous Genain 
quadruplets - monozygotic quandruplets who were 
observed for many decades. All four sisters suffered 
from schizophrenia, but the course of the disease 
was shown to depend on social interactions both 
with the parents and among themselves, as well as 
on many other events in their lifes [36, 42]. 

One argument against a genetic interpretation of con- 
cordance in MZ twins reared together is thus based 
on their close social interaction, which would re- 
inforce schizophrenic symptoms in the second twin 
if one were affected (Sect. 6.3.4). However, there are 
reports on at least 12 twin pairs reared apart in which 
at least one twin became schizophrenic; in seven 
pairs the other twin was also schizophrenic [18], a 
figure well in line with that reported for MZ twins 
reared together (Fig. 16.2). Another argument is that 
a schizophrenic parent would provide especially 
poor conditions for mental development of the child 
and would therefore enhance the child’s risk of be- 
coming schizophrenic too. This question can be an- 



Table 16.4 Empirical risk figures for schizophrenia in rela- 
tives of affected patients (from Propping 1989 [40]) 





Number of 
studies 


Life-long risk 


mean % 


range 


Parents 


14 


5.6 


(S-IO) 


Sibs (all) 


13 


10.1 


( 8 - 14 ) 


Parents not affected 


9 


9.6 




One parent affected 


5 


16.7 




Both parents affected 


5 


39.2 




Children 


7 


12.8 


(9-16) 


Half-sibs 


5 


4.2 




Nephews/nieces 


6 


3.0 


0 - 4 ) 


Grandchildren 


5 


3.7 


(2-8) 


(First) cousins 


3 


2.4 


(2-6) 


Population (life-long prevalence) 


~I.0% 





swered by comparative study of children of discor- 
dant MZ twins. If the presence or absence of a schizo- 
phrenic parent were a significant factor, the children 
of the clinically healthy twin would be less often af- 
fected with schizophrenia than children of the twin 
with schizophrenia. Such a study in Denmark failed 
to show this difference [10], thus supporting the ge- 
netic interpretation. 

Analysis of interaction patterns between parents and 
twins showed that parents do generally not sponta- 
neously act in a more similar way toward MZ than 
toward DZ twins, but their reactions to MZ twins are 
more similar, since these twins act similarly [26]. 
Therefore, the higher concordance of MZ than of DZ 
twins cannot be explained plausibly by the presump- 
tion of parents treating MZ twins more similarly 
than DZ twins. 

Empirical Risk Figures, Empirical risk figures for 
schizophrenia suggest the following conclusions 
(Table 16.4): 

a) First-degree relatives of schizophrenics have a 10- 
20 times increased risk of developing the disease 
compared with the general population. The actual 
absolute risk is about 6 %-i5 %. 

b) The risk is higher in relatives of probands with 
catatonic and hebephrenic symptoms than in rela- 
tives of probands with paranoid or so-called sim- 
ple schizophrenia. 

c) Within families there is a correlation of clinical 
subtypes. Relatives of catatonics have a higher 
risk of becoming catatonic than do relatives of 
the paranoid type. However, the risk of relatives 
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for catatonics and hebephrenics of becoming 
paranoid is also enhanced compared with the po- 
pulation average, and vice versa. 

d) The risk for sibs of affected probands is lowest 
(about 10%) when both parents of the proband 
are unaffected; it is higher with one (actual risk: 
17%) and still higher with two affected parents 
(actual risk, 40%). 

e) Among relatives of schizophrenics one often ob- 
serves personality types who, while not actually 
abnormal, deviate from the normal and are often 
classified as schizoid [6]. 

These figures must be used with care in actual genet- 
ic counseling; for example, the higher the number of 
affected relatives in the pedigree, the higher is the 
risk for future children to be affected. Hanson and 
Gottesman [21] gave a table in which the risk is differ- 
entiated further according to the number of affected 
and unaffected relatives - especially sibs - of the 
counseling client. These figures are based on a bio- 
metric model, and although somewhat theoretical, 
may still be helpful. (For a more complete discussion 
see [40].) 

Familial aggregation of a psychiatric disorder does 
not necessarily mean that genetic factors are in- 
volved. Pathogenic familial environments could lead 
to a similar result, and social psychiatrists are active- 
ly searching for such family factors. While the results 
from twin studies provide more critical evidence in 
favor of genetic susceptibility, the usefulness of twin 
data, especially in behavior genetics, can also be dis- 
puted (see Chap. 6.3.4). The best way to separate the 
relative contribution of genetic and environmental ef- 
fects is to compare adopted children with their biolo- 
gical and adopted parents. 

Adoption Studies in Schizophrenia. The first adoption 
study on schizophrenia was published by Heston in 
1966 [23]. He examined adults who were adopted ear- 
ly in life, and whose mothers suffered from schizo- 
phrenia. The probands had been separated from their 
biological mothers, had no contact with them, and 
did not live with maternal relatives. 

Five of the 47 offspring in this study were affected 
with schizophrenia. This incidence is similar to that 
among children who lived with their schizophrenic 
parents. On the other hand, none of 50 individuals 
in a matched control group of adopted persons with 
nonschizophrenic parents became schizophrenic. 
Half of the children of schizophrenic women who 
were not affected with overt schizophrenia showed a 
significant excess of psychosocial disability; the other 
half were notably successful adults. 

More elaborate studies were carried out by a team of 
American and Danish workers in Denmark, where re- 



cords of good quality are available on adoption as 
well as on schizophrenia. It was shown that the inci- 
dence of schizophrenia in biological relatives of schi- 
zophrenic adoptees was about three times as high as 
in their adoptive relatives; that adoptive parents of 
schizophrenic probands did not have schizophrenia 
more often than adoptive parents of nonschizophre- 
nic children (they more often showed other types of 
psychological abnormality); and that children of schi- 
zophrenic parents had the same risk of schizophrenia 
regardless of whether they were reared by their par- 
ents or were adopted early in life. Intrauterine or 
perinatal influences from the biological mothers of 
schizophrenic patients were excluded by examining 
adoptees who were the paternal half-sibs of schizo- 
phrenics and therefore showed only common heredi- 
ty with the father. In this group schizophrenia was 
also more frequent than among the controls (adop- 
tees without schizophrenic half-sibs or other rela- 
tives). 

Biological Hypotheses in Schizophrenia. The yield of 
biological research in schizophrenia has been low de- 
spite all the research efforts that have been carried 
out over decades. Interpretations are difficult because 
there is no qualitative or quantitative somatic mea- 
sure by which schizophrenia can be diagnosed. Diag- 
nosis depends on clinical evidence which may be in- 
terpreted differently by different psychiatrists and 
may vary between countries. The diagnostic difficul- 
ties are highlighted by the fact that some studies con- 
sider it necessary to use a panel of several psychia- 
trists in order to reach a diagnosis. 

All data from twin, family, and adoption studies on 
schizophrenia can most easily be explained by the 
model of multifactorial inheritance in combination 
with a threshold effect. Some investigators using fa- 
mily data have attempted to set up and to test more 
sophisticated theoretical models, for example, by in- 
troducing two thresholds or by assuming, in addi- 
tion, major genes [16]. Similar attempts have also 
been made for affective disorders [51]. No convincing 
results, however, have yet been achieved. As empha- 
sized throughout the present volume, multifactorial 
models permit only a general and preliminary de- 
scription of the genetic findings (Chap. 6). For exam- 
ple, they do not exclude the possibility that in some 
families major genes may contribute to the genetic 
disposition since genetic heterogeneity between fa- 
milies is likely. At this preliminary level of genetic 
analysis the situation is described by a diathesis-stress 
hypothesis [6, 17]: stress situations that are overcome 
by most individuals and may lead to “neurotic” 
symptoms in others can trigger a schizophrenic psy- 
chosis in genetically predisposed persons. This expla- 
nation, however, is not quite satisfactory. The ques- 
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tion is: what genetically determined physiological 
changes enhance the risk of an individual to become 
schizophrenic? 

Again, as in affective disorders, the current hypo- 
theses are centered around anomalies of neurotrans- 
mitter metabolism [i6]. There is some evidence, for 
example, that this group of diseases may be caused 
by hyperactivity of dopamine. For example, substan- 
ces leading to a release of dopamine, such as amphe- 
tamine, may trigger a psychotic phase. Neuroleptics, 
on the other hand, which are known to mitigate schi- 
zophrenic symptoms, block dopamine receptors. 
Many mechanisms have been discussed that might 
lead to such dopamine hyperactivity. For example, 
there may be genetic anomalies of dopamine recep- 
tors. Methionine may lead to acute psychotic reac- 
tions in chronic schizophrenics. On the other hand, 
the psychotomimetic drug mescaline is a methylated 
derivative of dopamine, a norepinephrine precursor. 
It is possible that some schizophrenics have an ab- 
normally high capacity for dopamine methylation, 
and that methionine, being a general source of me- 
thyl groups, enhances this effect. Other candidates 
for a possible endogenous psychotoxin are methyla- 
ted derivatives of serotonin (5-hydroxytryptamine). 
For example, brain uptake of the serotonin precursor 
tryptophan could be reduced; this would also be 
compatible with the methionine effect, as methionine 
blocks tryptophan uptake competitively. Another 
possibility is an imbalance between an overactive 
brain dopamine system and an underactive serotonin 
system. This would be similar to the situation in Par- 
kinson disease, where there is an imbalance between 
an over active acetylcholine and an underactive dopa- 
mine system (see the list of neurotransmitters. 
Sect. 15.2.3.6). The combination of tryptophan load- 
ing with a MAO inhibitor - to prevent serotonin de- 
gradation - has indeed been claimed to lead to beha- 
vioral improvement of some schizophrenics. 

These examples show the direction in which concepts 
and experimentation are currently moving. However, 
quite different hypotheses are still being discussed, 
for example, those involving membrane properties 
and abnormal immune processes. It is possible that 
in many cases not one major biochemical abnormal- 
ity but a set of a few or even several minor abnormal- 
ities, together with external stress, may push the in- 
dividual beyond the threshold and into psychosis. In 
other cases, one major abnormality may be decisive. 
The history of somatic theories in schizophrenia is 
not encouraging. In such a situation it may be useful 
to ask a seemingly simple question: What is schizo- 
phrenia? Does it really exist as a disease unit? 

''Schizophrenia” in the Light of Human Genetics [40 a]. We 
have noted above that the diagnosis of schizophrenia may 



be difficult, and that it often depends on somewhat arbitrary 
criteria. In Sect. 6.4.2 the contribution of human genetics to 
a theory of disease is discussed in more general terms. The 
concept of a disease determined by a single, main cause 
originated in the last decades of the nineteenth century, 
when medical bacteriology was the leading biomedical sci- 
ence. This concept showed its explanatory power when the 
causative organisms of tuberculosis and of syphilis were dis- 
covered. The success of specific therapies with chemothera- 
peutic agents or antibiotics would have been impossible 
without this concept of disease. 

The diagnosis of dementia praecox by Kraepelin (later 
termed schizophrenia by E. Bleuler) was conceived in the 
light of such disease models by combining a set of clinical 
signs with the gradual deterioration observed in longitudinal 
studies of patients. This diagnostic concept implied one ma- 
jor common cause. Human geneticists are intuitively sympa- 
thetic to such an idea because their ideal disease concept is 
provided by Garrod’s “inborn errors of metabolism” [13] or, 
even more specifically, by the hemoglobinopathies, where 
one specific mutation determines one protein anomaly, lead- 
ing to one characteristic disease (Sect. 7.3.2). Thoughtful psy- 
chiatrists such as K. Jaspers and E. Bleuler realized early that 
too direct an application of this model to this group of dis- 
eases might lead to wrong conclusions. During the following 
decades, however, Kraepelin disease concept proved remark- 
ably viable, surviving even the discovery that many cases 
did not show deterioration, and that much of the observed 
deterioration (not all of it) had been an artifact caused by 
long-term hospitalization [7]. Survival of this diagnostic con- 
cept was achieved - at least in part - by an interesting strat- 
egy: whenever symptoms characteristic of schizophrenia 
were observed in association with findings that suggested or- 
ganic disease, the diagnosis of schizophrenia was withheld; 
often it was replaced by diagnoses such as “schizophrenic re- 
action.” When all patients with schizophrenic symptoms who 
also showed signs of a specific organic disease were excluded, 
a disease group remained for which specific causative factors 
could not be found. 

Schizophrenialike symptoms have been described more often 
than would be expected by mere chance in a large number of 
organic brain diseases [39]. Moreover, there are many reports 
of brain atrophy in chronic schizophrenics. It is true that in 
many of these cases no genetic disposition for “true” schizo- 
phrenia could be shown by family studies, and the natural 
history of the condition was that of the underlying disease 
and not that of schizophrenia. It is difficult, on the other 
hand, to escape the conclusion “that had the organic diagno- 
sis not been reached independently of the psychiatric symp- 
tomatology, most of the cases would have been regarded as 
indubitably schizophrenic”. Moreover, more EEG abnormal- 
ities were found in sporadic than in familial schizophrenia 
[29], suggesting an “organic,” noninherited subgroup. 

There are also a number of well-defined genetic conditions in 
which schizophrenialike psychoses appear to be more com- 
mon than would be expected by chance (Table 16.5). Such 
psychoses have also been described in a number of other 
conditions in which an increased risk is possible, but evi- 
dence is so scanty that no conclusion can be drawn. Exam- 
ples include: 45,XO and XYY karyotypes, adult types of var- 
ious lipidoses, congenital adrenal hyperplasia, homocystin- 
uria, Wilson disease, and several others [39]. Some of these 
conditions, when considered in the light of pathogenetic hy- 
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Table 16.5. Genetic disorders in which an increased risk of 
developing a schizophrenialike psychosis is probable (modi- 
fied from Propping 1983 [39]; for more data see [40]) 

Condition Reported findings 



XXy (Klinefelter) 



XXX 



ISq- or r(l8) 



Huntington disease 

Acute intermittent 
porphyria 

Porphyria variegata 



Metachromatic 
leukodystrophy, 
adult type 



Cerebrotendinous 

xanthomatosis 

Familial basal 
ganglia calcification 



The rate of schizophrenia! ike psy- 
choses is probably increased by a 
factor of 3 . 

The rate of schizophrenialike psy- 
choses is probably increased by a 
factor of 3. 

Moderate mental retardation, 
poor speed development, psycho- 
tic episodes (schizophrenialike or 
of manic-depressive type) in 
childhood or adulthood* 

Schizophrenialike psychoses in 
the initial phases of the disease* 

Various psychiatric symptoms in- 
cluding “schizophrenia” are occa- 
sionally reported. 

One case report of schizophrenia- 
like psychosis; serine loading pro- 
duced psychotic symptoms* 

Numerous reports on psychoses 
presenting as “schizophrenia"; 
cases were detected by chance or 
by systematic screening of psy- 
chotics. 

4 of 35 homozygous patients 
showed definite signs of a schizo- 
phrenialike psychosis* 

Concordant schizophrenialike 
psychosis in a pair of identical 
twins, and familial occurrence* 



potheses discussed on the basis of other evidence, even sug- 
gest plausible biological mechanisms, for example, those 
leading to a reduced supply of folic acid or influencing meta- 
bolism and function of sulfated amino adds such as methio- 
nine. Such patients may have an abnormally high capacity 
for methylation of dopamine; methionine, being a general 
source for methyl groups, might enhance this effect. 

Most of the patients with a diagnosis of schizophrenia cannot 
be classified as having clearcut genetic or nongenetic organic 
disease. However, in many cases slight morphological func- 
tional deviations have been described, such as anatomical re- 
duction and dysfunction of the prefrontal cortex (as mea- 
sured, for example, by computed tomography, positron emis- 
sion tomography, in vivo measurements of cerebral blood 
flow [58]), reduction in MAO and other enzymes, a “choppy” 
rhythm together with some reduction in a activity in the 
EEG, or slight deviations in visually or acoustically evoked 
EEG potentials. Here studies of MZ twin pairs discordant for 
schizophrenia provide interesting results [15]. For example, 
the hippocampus area is usually smaller in the affected twin 
(as measured by magnetic resonance imaging) [47]. However, 



none of these deviations can be found in all schizophrenics, 
and there is always the question of whether they are related 
to the cause of the disease. An additional complication is in- 
troduced by the fact that most patients observed for the first 
time have been treated with psychotropic drugs, which may 
have changed many of the parameters of possible interest. 
These small deviations, however, suggest still another ques- 
tion: some of the conditions listed in Table 16.5 have an auto- 
somal-recessive mode of inheritance; in a dominant condi- 
tion, such as porphyria, clinical signs are seen only under spe- 
cial stress conditions. Is it not possible that heterozygotes - for 
metachromatic leukodystrophy or homocystinuria, for exam- 
ple - have an increased liability of becoming schizophrenic, 
especially if this genetic “weakness” combines with other 
such liabilities, or if somatic or psychological stress factors 
are added? A possible slight increase of the risk for psychosis 
in PKU heterozygotes has been mentioned before 
(Sect. 72.2.8). The genetic model of multifactorial inheritance 
serves only to describe observations at a preliminary level: it 
poses questions, rather than answering them. In schizophre- 
nia answers will be easier if the monocausal disease concept 
suggested by Kraepelin and his successors is replaced by a 
multicausal concept. The human brain is a complex system, 
in which a great number of structural and biochemical subsys- 
tems interact. Its reaction to exogenous and endogenous stress 
factors depends on the individual, genetically determined var- 
iation within these subsystems, on the life history of the indi- 
vidual, and on the kind and localization of stress. Many com- 
binations of extrinsic and intrinsic stress factors may lead to 
the same, or a similar, end result. Apparently, the brain has 
only a limited number of ways of reacting to such stress, the 
reaction depending on the specific subsystems toward which 
the stress is directed and their intrinsic susceptibilities. 

This leads from the question of causes to the question of pa- 
thogenesis. Which functional mechanisms of the brain are al- 
tered in schizophrenia, and how are the clinical signs and 
symptoms produced by these alterations? Models have been 
discussed - some of them very elaborate [19] (see also the 
various discussion remarks on this paper) - but so far no co- 
herent theory has won the support of the various experts. 
However, there is some evidence that the common final path- 
way in which all etiological factors come together could have 
something to do with attentional dysfunction or “faulty filter- 
ing of information” (Erlenmeyer-Kimling; see also [33]). 
Once abnormal functioning has begun, there will be an in- 
herent tendency for self-perpetuation. Evolution has provid- 
ed the human brain with the ability to “learn.” This means 
that patterns of function change the structure of connections 
between neurons in a way that repetition of this function be- 
comes easier. Under normal conditions this ability has selec- 
tive advantages; it helps the individual to cope with demands 
from a wide variety of environments. As with many other 
biological adaptations, however, it can become disastrous un- 
der special conditions, i.e., when the functional pattern of- 
fered for “learning” is counterproductive. 

A similar mechanism is well established for another brain 
disease (or group of brain diseases): epilepsy. Every epileptic 
seizure can be seen as helping to prepare for the next. Appar- 
ently the epileptic seizure is another of the very few ways that 
the brain has to react to many different stimuli. Many of the 
principles discussed at some length in this section on schizo- 
phrenia could also have been derived using the etiology and 
pathogenesis of epilepsy as an example [1]. 
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Research Strategies for Further Elucidation of the Genetic 
Basis of Schizophrenia [40 a]. As explained above, the disease 
concept of “schizophrenia” is phenomenological; unlike tu- 
berculosis or phenylketonuria it does not imply a single ma- 
jor cause. This does not necessarily detract from its value 
for diagnostics as a basis for therapy. As discussed in greater 
detail in Sect. 6.4, there is no “natural system of diseases.” 
Disease units and diagnostic categories ultimately are meant 
to serve a practical purpose: to aid the physician in his at- 
tempts at helping his patients [54]. Moreover, analysis of fa- 
milial aggregation, in addition to its value in genetic counsel- 
ing, provides clues for a better understanding of causes. For 
further elucidation, the following strategies are suggested: 

1. Studies on “multiplex families” (families with several af- 
fected members) offer the best chance of discovering major 
genes and therefore single, major biochemical abnormal- 
ities. 

2. Long-term prospective studies on high-risk children (e. g., 
children of schizophrenic parents) promise valuable infor- 
mation. Such studies are now being performed by a num- 
ber of groups [9, 12, 24, 34]. 

3. Genetic variability in the normal range of parameters 
thought to be of possible importance should be studied. 

4. In some families an unfortunate combination of slight 
quantitative variation in biochemical and structural vari- 
ables may have caused the disease in approximately the 
same way as described for squinting (Sect. 6.1. 2.7). 

Studies could be performed at two levels: at the gene 
product - biochemical and at the gene - DNA levels 
(Chap. 6). Studies at the biochemical level include 
neurotransmitters, their enzymes, and receptors. At 
present, however, much more is being expected from 
studies at the gene - DNA level despite the fact that 
such studies have so far failed to produce convincing 
results. In a disease such as schizophrenia the 
straightforward lod score method to detect linkage 
runs into difficulties because the phenotypes do not 
permit unequivocal assessment of genotypes. The 
sib pair method [38, 41], on the other hand, is more 
useful. Elaborate linkage studies can be short circui- 
ted if the disease is shown in some families to cose- 
gregate with a visible chromosomal anomaly, for ex- 
ample, a translocation. Such an unbalanced translo- 
cation was found in an uncle and his nephew in 
5qii-5qi3.3; both suffered from schizophrenia [2]. 
Linkage studies in a large Icelandic family seemed to 
confirm linkage of a main gene in the same area of 
chromosome 5 with schizophrenia [46], but this link- 
age was soon excluded in a large northern Swedish 
pedigree [27]. This result may be interpreted in two 
ways: either the positive linkage result was accidental, 
or the outcome reflects genetic heterogeneity. In Ice- 
land, a different main gene may cause schizophrenia 
than in northern Sweden and in other areas, where 
linkage studies have had negative results. These re- 
sults show the difficulties of such an analysis. They 
can be overcome only by international cooperation 
and careful planning strategies. 



Results from such an international collaboration have been 
published recently. Analysis was performed in three steps: in 
a first step, the genome was searched systematically using 
the Genethon linkage map [36 a], consisting of 413 highly 
polymorphic microsatellite markers (Sect. 12.1.2) which cover 
84% of the human genome. These markers were used to 
screen large schizophrenia pedigrees from Iceland, a geo- 
graphic isolate. Twenty-six loci were suggestive of linkage. 
In a second step, 10 of these loci were followed-up in families 
from Austria, Canada, Germany, Italy, Scotland, Sweden, Tai- 
wan, and the United States. Potential linkage on chromo- 
somes 6p, 9, and 20 was observed again. A third, indepen- 
dent sample from China utilized fine mapping of the 6p re- 
gion and showed evidence for linkage or linkage disequili- 
brium by association studies (See Sect. 6.2). These and other 
studies provided evidence for a schizophrenia gene located 
in the 6p area, distal from the MHC complex {p = 0.00004). 
(See Section 5.2.5). At the same time, this study showed that 
this is not the only gene locus mutation involved in schizo- 
phrenia. Comparison of linkage results from large pedigrees 
in various countries gave evidence for locus heterogeneity, 
i.e., different loci contributed to disease liability; a few major 
genes (Sect. 6.1.2.3) might be involved (= oligogenic transmis- 
sion). 

Such studies are cumbersome; they require much 
time and effort by many scientists. The reward is 
worth the effort however. Once a gene is definitely lo- 
calized, it could be identified (See Chap. 3), and its 
function in health and disease elucidated. 

Critical Assessment of the Attempts to Relate Behav- 
ioral Variability to Biochemical Differences in Brain 
Function. In spite of suggestive hypotheses attempts 
at explaining abnormal or normal behavior in terms 
of a genetically determined biochemical mechanism 
of deviant brain function have largely failed so far. 
Still, this approach appears worthwhile following. 

We should keep in mind, however, that norepineph- 
rine, dopamine, and serotonin are only a fraction of 
all neurotransmitters; little if any genetic research 
has been carried out on some of the other neuro- 
transmitters listed in Sect. 15.2.3.6. However, neuro- 
transmitters and their receptors may only be one as- 
pect of brain function in which individual differences 
can be expected. So far, other potential variables such 
as individual differences in growth of the brain, num- 
ber of nerve cells, number of connections between 
nerve cells, and myelinization have not been studied 
to a necessary degree. In addition, it has been shown 
that even the development of synaptic connections 
between nerve cells can proceed properly only when 
the nerve cells are functioning. For example, the 
number of apical dendrites in the optical region of 
mouse brain is reduced if the animals are raised in 
darkness [52] . The occipital a rhythm of the human 
EEG is on average less well developed in adults who 
were born blind [5]. As noted above, interindividual 
variability of the EEG, especially the development of 
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the a rhythm, is exclusively genetically determined 
[53] under normal conditions. However, the brain 
structures that produce the EEG of the optical cortex 
can develop properly only if they receive adequate 
sensory input. The genetic program of brain develop- 
ment can be realized only in interaction with the en- 
vironment. 

Comparing our insight into genetic variability in the 
function of the brain influencing human behavior 
with our knowledge of the genetic endowment of the 
red blood cell which is of course much simpler 
(Sects. 7.2, 7.3), we realize how fragmentary our infor- 
mation is regarding behavior. Whereas in a hemoglo- 
bin gene we can follow the influence of a well-defined 
alteration in the DNA sequence step-by-step to the al- 
tered phenotype, in behavioral genetics we are left 
with measurements and comparisons of phenotypes 
that are far removed from gene action. We have taken 
only the first steps in the analysis of intervening vari- 
ables. Are the mechanisms more complicated? Is their 
development in the individual less strictly program- 
med and less autonomous? Will interaction with the 
environment turn out to be more essential for proper 
development of brain function and even of brain 
structure? Such findings would not be surprising 
since the human brain is the latest and most complex 
product of evolution. The few available results en- 
dorse this view. 

At the beginning of Chap. 15 we noted that the field of 
human behavioral genetics is conceptually the most 
important area of human genetics. At the same time, 
however, our knowledge in this field is still unsatis- 
factory and fragmentary, and our theoretical frame- 
work is the least elaborate. In such a situation scienti- 
fic hypotheses find little objective foundation. Scien- 
tists are human beings with prejudices and emotions; 
they are influenced by their personal biases stronger 
than in fields with a more elaborate theoretical 
framework and a sounder empirical foundation. In 
behavioral genetics one specific problem has raised 
the most bitter controversies: the claimed existence 
problem of genetically determined intellectual differ- 
ences between ethnic groups (Chap. 17). 

Conclusions 

There are two principal groups of mental disease: 
affective disorders, such as depression and mania, 
and the schizophrenia group. Studies using classical 
methods of human genetics, such as the determina- 
tion of disease risks among close relatives, concor- 
dance rates of mono- and dizygotic twins, and com- 
parison of adoptees with their biological and adop- 
tive parents, have led to the conclusion that genetic 
variability has a strong influence on disease suscept- 



ibility. The mechanisms remains unknown. Linkage 
studies using DNA markers have been performed to 
identify individual genes that may be involved in 
causing these diseases. So far, however, these studies 
have yielded no generally accepted and reproducible 
results. 
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The significant problems we face 

cannot be solved at the same level 

of thinking we were at when we created them, 

Albert Einstein 



Differences in IQ and Achievement 
Between Ethnic Groups 

Group Differences in Behavioral Traits? The human 
population is subdivided into subpopulations; these 
are called races if they have a certain amount of their 
genes in common in which they differ from other 
subpopulations. The term “ethnic group” is often 
used when historical and cultural aspects are includ- 
ed in the criteria of classification. Genetically related 
groups also tend to have common cultural traditions 
and social systems, and the concepts of “race” and 
“ethnic group” therefore overlap strongly (Chap. 14). 
The genetic compositions of races differ because 
they have developed in reproductive isolation, which 
may have produced chance fluctuations of gene fre- 
quencies and especially random fixation of alleles. 
Moreover, there may have been different selective 
conditions. Nowadays, migration with its accompany- 
ing gene flow tends to diminish group differences. As 
is seen in Chap. 14, genetic susceptibilities to disease, 
such as diabetes, and the ability to digest certain 
foods, such as lactose, show different distributions 
in the various racial groups. It is therefore conceiv- 
able that the various environments in which human 
groups lived in the past made different demands on 
their behavior, thereby selecting for different combi- 
nations of genes that influence behavior. Chance fluc- 
tuation may sometimes also have affected such genes, 
since human groups early in evolution and for many 
generations consisted of small numbers of indivi- 
duals, thereby providing frequent opportunities for 
genetic drift. The existence of some genetic group 
differences in behavior would therefore not be sur- 
prising. 

Beyond this very general statement, however, more 
specific predictions are hazardous. We know hardly 
any human genes that influence behavior in the nor- 
mal range; we know very little about the special abil- 
ities that human groups needed to cope with the dif- 
ferent microenvironments to which they were ex- 
posed in the past; we have even less knowledge about 
everyday living conditions of our remote ancestors. 
Did people living in cold areas with long winters 



need a better ability to plan in advance for food sup- 
ply? Did hunters and gatherers in the tropical rain 
forest need more alertness and versatility in coping 
with sudden dangers? Were people who lived in 
open savannas and semideserts accustomed to larger 
social groups, while the rain forest rather favored 
smaller band size, as appears true of subhuman pri- 
mates? We simply do not know. Ethnologists have ob- 
served enormous, and in some cases extreme, differ- 
ences in behavior patterns in the same race and be- 
tween groups living under conditions that appear 
very similar. These differences may in turn influence 
the genetic composition of such populations, espe- 
cially for genes affecting behavioral characters. 
Therefore inferences from present-day primitive po- 
pulations as to the behavioral patterns of our ances- 
tors who supposedly lived under similar conditions 
are somewhat hazardous. Nevertheless, such inferen- 
ces are often made, but these depend significantly on 
whether the primitive population selected for study 
is peaceful or aggressive, sexually restrained or unin- 
hibited, cooperative or selfish. These very differences 
strongly indicate that simplistic genetic interpreta- 
tions cannot apply. 

To compare behavioral characteristics that could 
show genetic variability between races or ethnic 
groups within present-day “civilized” populations, 
comparisons should be confined to groups living un- 
der identical conditions, such as family patterns, edu- 
cation, chances to enter into various occupational 
careers, and other such functions. In conceptually 
simpler situations, for example, in animal breeding, 
we would not dream of drawing conclusions for selec- 
tive breeding of animal stocks unless we had carefully 
kept the environment constant. Among humans, on 
the other hand, comparable conditions hardly if ever 
exist. This difficulty makes all judgments ambigu- 
ous. 

Two principal differences have been documented be- 
tween groups: the higher average intelligence and in- 
tellectual achievements of Ashkenazi Jews compared 
with the gentile European and North American popu- 
lations among whom they live, and the lower average 
IQ of African-Americans than the white and Oriental 
population groups of the United States. The Jewish- 
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gentile difference may have contributed to - but cer- 
tainly was not the only reason for - the antisemitic 
movements in many European countries that led to 
the genocide of most of the central and eastern Eu- 
ropean Jewish population by the Nazi regime. The 
black-white difference is now providing racists with 
pseudoscientific arguments for discrimination 
against African-Americans. 

Intelligence and Achievement of Ashkenazi Jews [12; 
13; 13 a]. Ashkenazi Jews of Europe lived for many 
centuries under conditions of severe discrimination. 
They were confined to restricted quarters within the 
cities, called ghettos; they were not allowed to own 
property and were barred from many occupations. 
The situation changed in the nineteenth and early 
twentieth centuries when civil rights were achieved 
in western European countries. Social discrimination 
of various degrees continued beyond this time. 
Nevertheless, many occupational careers opened up, 
with the result that Jews were soon frequently found 
in many professions requiring high intellectual abil- 
ities. 

In 1907, for example, about 1% of the German population was 
Jewish, but 6% of physicians and 15% of lawyers were Jewish 
[9]. Among university professors the proportion of Jews (in- 
cluding those baptized - the usual requirement for such a po- 
sition) in 1900-1910 was: 14.2% in law, 12% in arts and scien- 
ces, and 16.8 % in medicine. During the winter term of 1924/ 
1925 Jews were about six times more frequent among univer- 
sity students than in the general population. Comparable 
and more recent data are available from the United States. 
For example, 27% of the Americans who received Nobel pri- 
zes from 1901 to 1965 were of Jewish origin, while Jews consti- 
tute only about 3% of the American population [5]. 

Most observers agree that Marx, Freud, and Einstein were 
among those who profoundly influenced civilization over 
the past century. All three were Jews of Ashkenazi origin. 

In comparing test scores between ethnic groups carried out 
in the United States and Canada, the mean of Jewish subjects 
(almost entirely of Ashkenazi origin) is 5-10 IQ points higher 
than that of non-Jewish whites - especially in the verbal parts 
of IQ tests [11]. 

What are the reasons for this unsually high perfor- 
mance of a relatively small ethnic group? Here, cul- 
tural explanations could undoubtedly account for 
most or even all of the difference. Socioeconomically 
the group lived for centuries under conditions in 
which only intellectual performance could secure sur- 
vival. A high emphasis on intellectual ability was 
characteristic of the cultural climate. High aspira- 
tions, encouragement of superior performance, and 
an intellectually rich environment favor intellectual 
development. In recent decades the relatively smaller 
number of children in Jewish families might provide 
an additional explanation as high performance of 



children from small sibships, especially first-borns, 
has often been observed [21]. The challenge of being 
the “marginal outsider” to higher performance in 
most societies may also have contributed to the re- 
sults. 

On the other hand, genetic explanations cannot be 
entirely dismissed. Selection in favor of intellectual 
capability within the Jewish communities favored 
the “scholars,” i. e., those who were especially able to 
interpret traditional texts such as the Talmud. These 
scholars were maintained by their communities and 
were given the opportunity to marry the wealthiest 
girls. Since they lived under more favorable economic 
conditions than the majority of Jews who were eco- 
nomically rather poorly off in Poland and Russia, 
the mortality of their infants may have been lower 
than that of the general Jewish population. 

In fact, data from Poland from the middle of the 
eighteenth century suggest that the poorer Jewish fa- 
milies had 1.2-2.4 surviving children per family while 
the more prominent Jews had 4-9 children who 
reached adulthood. Another conceivable genetic fac- 
tor is selective survival under conditions of persecu- 
tion over the centuries. Possibly the more nimbler 
and smarter young adults were more readily able to 
escape violent death and therefore transmitted their 
genes to their descendants. The effect of such “IQ-de- 
pendent” mortality can be significant [12, 13]. 

In the absence of specific knowledge of the genetic 
mechanisms that may underlie individual differences 
in intellectual performance we have no way to decide 
whether genetic factors have contributed to the intel- 
lectual excellence of Jews. The means to solve this 
problem do not exist, and there is no way of tackling 
the question unambiguously at the present state of 
knowledge in human behavioral genetics. 

Difference in Mean IQ Between Ethnic Groups in the 
United States, Especially Between African-Americans 
and Whites. Similar difficulties apply to a problem 
that has aroused an unusual degree of public contro- 
versy: the difference in average IQ between ethnic 
groups in the United States, especially African-Ame- 
ricans and whites [15, 18]. The reader who has fol- 
lowed our considerations of human behavioral genet- 
ics, especially the discussion of the heritability con- 
cept and its application to IQ test performance, 
should by now be able to provide his own answers. 
There are enormous difficulties in setting up an un- 
assailable experimental design to assess the causation 
of a variable, such as IQ, that is determined by a 
complex interaction of a genetic disposition with 
many different influences from the physical and so- 
ciocultural environment. The problem is even more 
complex than that posed by IQ differences in Jews 
since the environmental conditions under which 
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US high school students; 
White(n= 1631) 




Fig. 17.1. Distribution of IQ in a series of white (-) and Afri- 
can-American ( — ) high school students. In other series 
some African-Americans were observed whose test results 



equaled those of the best whites. (Data from Roland and 
Swan 1965; see Walter H, Grundrifi der Anthropologie, BLV, 
Munich, 1970) 



African-Americans have been living are much more 
different than those between Jewish and non-Jewish 
whites. 

However, the problem has attracted much attention. 
Therefore we describe briefly the most essential facts 
and some arguments in favor and some against ge- 
netic interpretations [7, 8, 11, 15]. 

Since intelligence testing was first carried out on 
United States Army conscripts during World War I, 
African-Americans have fairly consistently shown 
lower average IQ values than white Americans. Fig- 
ure 17.1 shows a typical result. Certain findings seem 
to be undisputed: 

a) There is a mean difference of about 15 IQ points in 
most comparisons between African-Americans 
and whites. 

b) The distributions of African-Americans and 
whites overlap strongly; differences between indi- 
viduals of each group may be much larger than 
the between-group differences of mean values. 
Some African-Americans reach highest levels of 
performance; the African-American population 
as a whole comprises the full range of human 
talents [7]. 

c) There is considerable variability of means and 
distributions between subgroups within the white 
and African-American populations, depending on 
whether the samples come from the south or the 
north, from urban or rural areas, from children 
or adults, etc. [11]. 

Explanation: Genetic or Socioeconomic? Two groups 
of explanations have been offered for this difference: 
genetic and socioeconomic. The following tabulation 
lists some of the arguments opposed to one other. 



Genetic explanation Nongenetic explanation 



IQ has a high heritability 
within the white population 
[7,8] 



Cautious extrapolation from 
heritability of within-group 
differences to that between 
groups is possible [8] 



Sociocultural differences can 
explain only a minor part of 
the differences: 

a) Other, equally discrimi- 
nated groups such as na- 
tive American fail to 
show an IQ difference of 
similar order 

b) Differences are especially 
pronounced in so-called 
culture-free tests 

c) Differences in standard 
intelligence tests are 
more pronounced in per- 
formance than in verbal 
tests 

The IQ differences are not 
removed when tests using 



The within-population her- 
itability estimates are of 
highly dubious scientific 
value [20] (see Sects. 6.1, 6.3; 
Appendix 5) The data are 
often based on politically 
biased scientific evidence 
and some data are fraudu- 
lent [1, 3, 4, 10] 

Extrapolation from herit- 
ability of within-group dif- 
ferences to between-group 
differences requires too 
many untestable assump- 
tions and is scientifically 
unsound (see Sect. 6.3.10 on 
stature) 

The sociocultural and edu- 
cational differences between 
whites and blacks are fully 
sufficient to explain existing 
differences 



Culture-free tests are not 
really culture free. 
Performance depends 
on: 

a) Intellectual training. 

b) Active interest in solving 
puzzles that are not rela- 
ted to everyday proble 
ms. 

IQ test are based on the lan- 
guage of the white middle- 
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Genetic explanation Nongenetic explanation Genetic explanation Nongenetic explanation 



the special language of Afri- 
can-Americans are applied. 



Contrary to their poor test 
performance (and their cor- 
respondingly poor school 
success), African-American 
children often show a re- 
markable degree of practical 
intelligence in daily-life si- 
tuations. This contrast can 
be explained by two differ- 
ent levels of intellectual per- 
formance: level 1, the ability 
to process information in a 
simple, straightforward way 
that is sufficient for most 
purposes of daily life, and 
level 2, the ability to process 
and rearrange information 
in a more complex way that 
is necessary for abstract 
thinking. 

The deficiency of most Afri- 
can-Americans relates to 
level 2, not level i [8] 

Only a small part of the test 
difference is removed when 
the tests are given by Afri- 
can-American instructors. 

Even if the average IQ of 
African-American children 
can be boosted by adoption 
(see opposite column) into 
especially favorable white 
homes, there remains an IQ 
difference among these chil- 
dren in the following rank 
order (from high to low): 
white children of biological 
parents/white adopted chil- 
dren/adopted African-Amer- 
ican children with a higher 
proportion of white genes/- 
adopted African-Americans 
with a lower proportion of 
white genes [i6]. 

The U. S. Army refused a 
much higher proportion of 
African-American than of 
white army conscripts be- 
cause of poor performance in 
intelligence tests. The Afri- 
can-American fathers of Ger- 
man children (see opposite) 
were selected for higher IQ. 



class population. Tests using 
the language of African- 
Americans show improved 
results. 

The difference between 
practical and theoretical in- 
telligence in African-Ameri- 
cans can be explained socio- 
psychologically: 

a) African-Americans con- 
sider abstract thinking as 
less interesting. 

b) African-Americans ex- 
perience school and its 
values as imposed from 
the outside, in which 
they do not actively take 
part. 

c) African-American chil- 
dren are not motivated 
and supported by their 
parents to strive for in- 
tellectual achievements. 



IQ tests have in most cases 
been given by white instruc- 
tors with diminished moti- 
vation on the part of Afri- 
can-American children. 

African-American children 
who have been adopted by 
white parents show IQ va- 
lues that are above the aver- 
age of the white population. 
This shows the powerful in- 
fluence of environment, 
which is favorable in famil- 
ies who adopt children [i6]. 
The IQ difference between 
adopted African-American 
children with a higher and 
those with a lower propor- 
tion of white genes can be 
explained fully by specified 
environmental differences 
[16]. 

There is no IQ difference 
between German children 
whose fathers were African- 
American soldiers and ap- 
propriate German controls 
[ 11 ]. 



The differences in white ad- 
mixture between the exam- 
ined children [15, 17] are so 
small that the expected IQ 
correlation could only be 
shown in a much larger 
sample. The correlation of 
skin color and African- 
American marker genes was 
so small in this study that 
lack of correlation between 
IQ and white admixture is 
difficult to interpret. 

Those not considering ge- 
netic reasons for the IQ dif- 
ference between African- 
Americans and whites are so 
preoccupied by their liberal 
ideology that they have lost 
their ability to think clearly 
and to face facts. 



There is no correlation be- 
tween IQ and white admix- 
ture in African-American 
children [15, 17]. 



Those considering genetic 
reasons for the IQ differen- 
ces between African-Ameri- 
cans and whites are racist 
reactionaries who con- 
sciously or unconsciously 
want to discriminate against 
ethnic minorities to main- 
tain the privileges of their 
own class or ethnic group. 
Moreover, they are poor sci- 
entists. 



These arguments show how little even very sophisti- 
cated argumentation based on biometric studies may 
help in gaining decisive evidence as long as nothing 
is known regarding the biological mechanisms in- 
volved. Given the present state of our knowledge of 
the biological mechanisms that underlie genetic dif- 
ferences in intelligence within the normal range, at- 
tempts at elucidating the possible genetic reasons for 
group differences in intellectual performance - espe- 
cially the IQ difference between African-Americans 
and whites - appear futile. 

Is All Research That Has Been Done in This Field Sci- 
entifically and Socially Worthless? We do not consider 
the work that has been carried out so far in this field 
as scientifically worthless. Studies on heritability 
have helped to expose the severe inherent limitations 
of this concept, especially in its application to human 
populations. Moreover, once well-defined genetic 
variability at the physiological and biochemical level 
can be established, many of the methods and con- 
siderations will find useful applications. Experiences 
with numerical chromosome aberrations, for exam- 
ple, the XYY karyotype, have already shown the ex- 
tent to which biological studies can be improved by 
statistical, biometric, and epidemiological sophistica- 
tion. 

Moreover, many results are interesting in their own 
right, even if the principal purpose - to collect evi- 
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dence for the causal explanation of group differences 
- cannot be achieved. It is, for example, useful to 
know how much IQ and school performance of 
adopted children can be boosted under the favorable 
conditions of adoption. The concept of two levels of 
information processing, even if basically incorrect in 
biological terms, may help to develop teaching strate- 
gies better adapted to different requirements of var- 
ious children than those used by our present-day 
school systems. In these and other ways some of 
these attempts that seem to be futile when considered 
from the standpoint of a genetic analysis may gain 
new significance. 

If Genetic Group Differences Did Indeed Exist, Would 
They Suggest Any Consequences in Social Policy? Let 
us assume for the sake of argument that a part of 
the IQ difference between African-Americans and 
whites is indeed genetically determined. What con- 
clusions would we have to draw for social policy? 

All considerations of this problem must start with the 
contention that the individual and not the ethnic 
group should be the target of social policy. It would 
certainly be the goal of a society to create conditions 
in which every individual has a fair chance to develop 
his or her abilities and fit into society in a way that 
secures the highest possible degree of personal fulfill- 
ment - in a manner which, at the same time, best 
serves the requirements of society as a whole. One 
way of achieving this goal is to offer adequate facil- 
ities for education. This condition includes teaching 
methods that have an optimum effect on individual 
learning abilities and motivations, regardless of whe- 
ther and to what degree any differences in abilities 
are genetically determined. All experience of modern 
genetics teaches us that the phenotype is the result of 
an interaction between genotype and environment 
and that specific genotypes need appropriate, and in 
many cases also specific, environmental conditions 
for optimal development. It is the task of behavioral 
genetics to define these conditions and to provide ad- 
vice regarding development of individually oriented 
educational strategies that best fit the genetically de- 
termined strengths and weaknesses of the child. Cur- 
rent educational approaches to dyslexia, which is fre- 
quently genetically determined [2, 6, 14] are an exam- 
ple of such an approach. 

Whether programs of compensatory education for 
children who show certain difficulties should be part 
of such strategies cannot be answered fully and will re- 
quire future experience. These decisions have nothing 
whatever to do with the question of whether and to 
what degree genetic variability influences these defi- 
ciencies, not to mention the question of whether the in- 
dividual belongs to a minority whose population aver- 
age differs from that of the majority. Should we push a 



mentally slightly subnormal Jewish child through all 
levels of higher education only because such a student 
belongs to a subpopulation with a higher average level 
of achievement? This is obviously absurd. Logically it 
would be just as absurd to deny an African-American 
child compensatory education that could increase his 
or her chance of success in life because the child be- 
longs to a minority in which a higher proportion of 
children are in need of compensatory measures. Never- 
theless, racial sensibilities are often aggrieved when 
compensatory education is suggested. 

We realize that emphasis on optimum educational 
opportunities and consideration of the individuaTs 
abilities regardless of ethnic identification, while 
theoretically based on sound principles, may cause 
many practical problems at the present time. What 
teaching methods should a teacher use in a multira- 
cial or multiethnic class with a wide range of abil- 
ities? Should the teacher give most attention to the 
lowest ability group? To the average? We have no 
ready answers. Is equal representation of all ethnic 
minorities desirable if some minorities excel in cer- 
tain areas? Should there be different standards for 
minority representation in various occupational 
groups? In our opinion, the ideal society would pro- 
vide each individual, regardless of race or ethnic ori- 
gin, with opportunities for maximum development 
of his or her abilities. It is conceivable that such a 
scheme may lead to overrepresentation or under- 
representation of some racial or ethnic groups, 
whether for genetic or cultural reasons. 

Sect. 6. 1.1.5 describes the increase of stature over the 
past century. Stature has a high heritability under 
most environmental conditions. Despite high herit- 
ability better nutrition has brought about a very sig- 
nificant increase in the population average. Average 
IQ has also increased in populations of industrialized 
countries over the past century [19]. This, too, has 
occurred much too rapidly to be explained by genetic 
changes and therefore must have been caused by the 
environment. This observation is encouraging. 

It does not mean, however, that every environmental 
change has effects; environmental alterations must 
be appropriate. Compensatory programs may fail 
not because of high heritability of the characteristics 
which they are meant to influence but because of 
their inadequacy to compensate for what is lacking. 
The geneticist has no reason whatever to discourage 
any such programs; (s)he should strongly encourage 
all attempts by social and behavioral scientists to ex- 
plore the specific conditions that cause some persons 
to do less well than others and to try to change these 
conditions. 

Intermarriage. Marriage is a matter not of ethnic 
groups but of individuals. Individual members of 
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two different ethnic groups may be much more simi- 
lar genetically, i.e., they have many more genes in 
common, than two random individuals of a single 
ethnic group. This conclusion also applies to genes 
that can influence behavioral variability. We interpret 
all evidence of racial admixture to indicate that no 
biological ill effects for the children from racial inter- 
marriage have been observed (Sect. 14.3.2). In mod- 
ern society spouses are selected individually, and 
marriages are not arranged by families; hence there 
is strong assortative mating for behavioral pheno- 
types, such as intelligence (Sect. 13.1; Fig. 13.1). Such 
assortative mating will remain, regardless of whether 
intermarriage between groups becomes more fre- 
quent or not. 

Unlike the old nations of Europe, the society of the 
United States consists of one ethnic majority and sev- 
eral strong ethnic minorities. The fact that such min- 
ority groups exist creates tensions and conflicts. One 
could suggest that these conflicts might be solved 
most easily if the minorities were absorbed by the 
majority. It could also be strongly argued, on the 
other hand, that the richness of a country’s cultural 
heritage can best be preserved if minority groups 
maintain their respective biological and cultural 
identities. Such an advantage may be worth the sacri- 
fice of living with the ensuing tensions and conflicts. 

Conclusions 

Family, twin, and adoption studies suggest the role of 
undefined genetic factors together with environmen- 
tal determinants in affecting cognitive performance 
as measured by IQ tests. Heritability values range 
widely between 20 % and 80 %. 

Differences have been observed between human po- 
pulation subgroups in the distribution of such traits. 
The Asian-American and Ashkenazi Jewish popula- 
tions, for example, often show higher average IQ 
than other whites, whereas a lower average IQ is ob- 
served among African-Americans. The question whe- 
ther such differences are caused, at least in part, by 
genetic factors or are entirely environmental in origin 
has led to highly emotional discussions among both 
scientists and the general public. The demonstration 
that a quantitative trait within one population is heri- 
table does not imply that differences between popula- 
tions for that trait have a genetic origin. A variety of 
other arguments regarding a possible genetic origin 
of such population differences are compared. The 
present evidence does not permit final conclusions 
regarding the role of genetic factors to explain popu- 
lation differences. 
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18 Genetic Counseling and Prenatal Diagnosis 
Human Genome Project 



An ounce of prevention is worth 
a pound of cure. 

Old English proverb 



The expanding knowledge in human genetics has led 
to practical applications at an increasing rate - espe- 
cially in genetic counseling and genetic screening. 
These approaches are promoted to avoid unnecessary 
hardships for families today. However, widespread 
genetic counseling and genetic screening will also in- 
fluence the genetic composition of future generations. 
More recently, molecular biology has provided in- 
creasingly efficient techniques for genetic diagnosis 
and therapy which will be described in Chap.18. Hu- 
man geneticists need to consider whether these influ- 
ences are beneficial or not. What will be the impact 
of all these new developments on the human species? 
These problems are considered in Chapter 19. 



18.1 Genetic Counseling [5 a, 18, 19, 22, 52] 

Genetic counseling has become an important area of 
applied human genetics, and an increasing number 
of patients are requesting advice or are referred by 
their physicians for counseling about the diagnosis, 
impact, and recurrence risks of genetic diseases. As 
the public media and the medical literature dissemi- 
nate more news about genetics, public and medical 
interest in genetic disease is growing further. What 
is genetic counseling? Genetic counseling refers to 
the totality of activities that (a) establish the diagno- 
sis, (b) assess the recurrence risk, (c) communicate 
to the patient and family the chance of recurrence, 
(d) provide information and sympathetic counsel re- 
garding the many problems raised by the disease 
and its natural history, including the potential medi- 
cal, economic, psychological, and social burdens, 
and (e) provide information regarding the reproduc- 
tive options to be taken including prenatal diagnosis, 
and refer the patients to the appropriate specialists. 
The range of problems seen during genetic counsel- 
ing covers a wide area. There is some variation be- 
cause local expertise for certain diseases differs, but 
many conditions are usually encountered. Generally 
only 30 %“50 % of the patients and families prove to 
have classical genetic illnesses, such as monogenic 
diseases or chromosomal aberrations. Many consul- 



tations deal with various birth defects, mental retar- 
dation, delayed development, dysmorphic looking 
children, short stature, and similar problems, which 
may or may not have a genetic cause. 

Genetic counseling is usually carried out by specialist 
physicians, and many physicians all over the world 
are now specializing in medical genetics. The new 
profession of “genetic counselors” has also emerged 
in the United States. Genetic counselors are trained 
in specialized postbaccalaureate 2-year university 
programs. They usually work with physicians in 
medical genetics clinics and carry out much of the 
information gathering, counseling, and follow-up. 
Their participation in genetic service activities allows 
medical manpower to be used more efficiently. Their 
counterparts in European countries are often trained 
social workers. 

Genetic counseling is a medically oriented rather 
than a “eugenic” endeavor. Most observers consider 
it inappropriate to advise couples regarding repro- 
ductive decisions that are based on eugenic consid- 
erations, although the outcome of a decision to have 
a child with a genetic disease who later in life will 
have offspring may worsen the genetic load by add- 
ing harmful genes that would otherwise be elimin- 
ated. Couples asking for advice are encouraged to 
make those reproductive decisions which are most 
appropriate for them regardless of possible deleter- 
ious effects on the gene pool of the population. This 
practice places genetic counseling squarely within 
the framework of medical practice, where the indivi- 
dual and his family rather than the general popula- 
tion is the focus of advice and treatment. Fortunately, 
the course of action selected by most couples (i.e., 
limitation of reproduction when there is a high risk) 
coincides with a favorable impact on the human 
gene pool (see Sect. 12.3). 

Diagnosis. The accurate diagnosis of a genetic disease 
using all the modalities of modern medicine is essen- 
tial. Accurate diagnosis is emphasized since similar 
phenotypes may sometimes have different modes of 
inheritance or may not be inherited at all. The family 
history is often important because a clearcut pattern 
of inheritance such as in autosomal-dominant traits 
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often provides the basis for counseling when a defini- 
tive diagnosis may not be clear. Previous medical and 
hospital records are often helpful in making a precise 
diagnosis. Since many genetic diseases are associated 
with somewhat characteristic facial features, inspect- 
ing of photographs of family members may be help- 
ful. Chromosomal examinations are frequently re- 
quired in the diagnosis of complex birth defects (see 
Sect. 2.2.2). Since many genetic diseases are rare, 
even trained medical geneticists and specialists in a 
given field of medicine may have difficulty in arriv- 
ing at an accurate diagnosis. They cannot be equally 
knowledgeable about all genetic diseases in every 
area of medicine but do need to be aware of recent 
monographs and computerized expert systems (Ap- 
pendix 3) to establish the appropriate diagnosis. The 
Catalogue of Mendelian Traits in Man by McKusick 
[38] and its computerized version OMIM are helpful 
but often need to be supplemented with other refer- 
ences, especially for non-Mendelian diseases (see Ta- 
ble A 3.1). A good library and the knowledge of how 
to consult the current literature in clinical genetics is 
essential. Because of the rapid expansion of knowl- 
edge, utilization of the journal literature, as opposed 
to textbooks and monographs, is more important in 
clinical genetics than in most fields of medicine. 
This is facilitated today by computerized searches. 

Parents whose infants are stillborn or die in the neonatal per- 
iod often request genetic counseling regarding recurrence 
risks. Usually little or no information is available regarding 
the specific abnormality of the stillbirth since no pathological 
or other diagnostic study was conducted. It has been recom- 
mended that as a minimum a gross autopsy, photography, 
radiography, and bacterial cultures be performed in all cases 
of stillbirth or early neonatal death to allow a diagnosis, since 
this is needed for genetic counseling [ 19 ]. Chromosomal stu- 
dies and histopathology are not likely to provide diagnostic 
information if the gross autopsy findings are normal. How- 



ever, such studies are usually indicated if multiple anomalies 
are found on autopsy. 

A definitive diagnosis often cannot be made even by 
experienced specialists due to the enormous com- 
plexity of development and its possible perturbation 
by frequently unknown genetic, epigenetic, and en- 
vironmental factors. Fewer diagnostic uncertainties 
occur with monogenic diseases than with various 
birth defects. However, even in this area the growth 
of the McKusick catalogue over the years (i.e., from 
866 definitive loci in 1971 to 4967 definitive loci in 
1996) attests to the rapid expansion of knowledge in 
this field. 

To keep up with this explosive advance in knowledge 
several research groups have stored information 
about clinical findings in genetic diseases and birth 
defects on computer and furnish programs to allow 
diagnosis using this information. With the increasing 
number of possible hereditary diseases and syn- 
dromes no medical geneticist can perform his daily 
work satisfactorily without the assistance of these 
data bases, which have been developed into fairly so- 
phisticated expert systems (Appendix 3). However, 
proper use requires knowledge, experience, and a cri- 
tical mind. 

Recurrence Risks. Genetic risks in Mendelian diseases 
are clearly defined and depend upon the specific 
mode of inheritance (Table 18.1). The actual clinical 
risks to the patient, particularly in autosomal-domi- 
nant inheritance, depend upon variable penetrance 
and expression and late onset of many disorders. Pa- 
tients are more interested in the actual recurrence 
risk of the clinical symptoms than in the formal 
genetic risks alone. In diseases with lowered pene- 
trance the actual recurrence risk is lower than the 
formal risk of genetic transmission. For example, an 



Table 18 . 1 . Risks for rare Mendelian disorders in families of affected patients 



Mode of inheritance 


First -degree relatives at risk 


Risk 


Other relatives at risk 


Risk 


Autoso m al-domin ant 


Sibs, parents, children 
(both sexes) 


50% 


Uncles, aunts, nephews, nieces, 
first cousins 


25% 

12.5% 


Auto s om al- recessive 


Sibs (both sexes) 
Children 


25% 

Negligible** 


Uncles, aunts, nephews, nieces, 
cousins 


Negligible 


X-linked recessive 


Brothers, sisters as carriers 


50%'’ 


Maternal uncle, maternal aunt 
as carrier 


50%'^ 



^ Risks for children of patients affected with common autosomal-recessive diseases depend upon heterozygote frequency. 

^ The risks for X-linked recessive disease apply only if the disease is familial and not if the mother’s carrier status is caused by 
a new mutation. Risks are negligible when the disease in an affected patient is caused by a new mutation. Except in 
Duchenne muscular dystrophy the proportion of new mutations may be much less than the expected 33 % in X-linked lethal 
diseases (Sect. 9 . 3 . 4 ). Moreover, some apparent new mutants are in fact products of germ cell mosaicism in their mothers - 
with an increased risk for their brothers. 
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offspring’s risk of an autosomal-dominant disease 
with 70 % penetrance is 35 % rather than 50 % 
(0.5 X 0.7 = 0.35). The risk declines with late onset 
diseases, as a person remains unaffected beyond the 
age at which the disease first becomes manifest. 
McKusick’s catalogue is available as a computerized 
data base on-line (OMIM) and is updated frequently. 
The most recent information can therefore be readily 
obtained with appropriate computer access (see Ap- 
pendix 3). In addition, by introducing key words 
more comprehensive cross-searches that also allow 
access to abstracts of articles are now possible. 

Molecular Diagnosis. As more genes are being 
cloned and the molecular nature of mutations caus- 
ing disease becomes known, direct DNA diagnosis 
of genetic disease is becoming increasingly possible. 
Unlike indirect diagnosis by linked DNA markers, a 
family study is not required for study. However, the 
exact nature of the mutation to be detected must 
usually be known (Table 18.2). This raises problems 
if many different mutations are implicated, as is of- 
ten the case. However, test systems that can detect 
several mutations at one locus are under develop- 
ment. It is always good practice to isolate and store 
DNA from patients with genetic diseases for appro- 
priate future study. The resultant information may 
be of great help in counseling family members in 
the future. Table 18.6 lists some autosomal dominant 
disorders in which the genes have been mapped or 
cloned. 



In many cases one can use indirect DNA diagnosis by 
gene tracking (which requires several family mem- 
bers). If the gene has been isolated, but the mutation 
remains unknown, an intragenic DNA polymorphism 
(RFLP, VNTR, CA repeat) can be used to track the 
mutant gene by cosegregation of the marker without 
knowing the exact nature of the mutation (Tab. 18.2). 
The possibility of nonallelic genetic heterogeneity, 
however, must be kept in mind as this leads to mis- 
diagnosis. 

Where neither the gene nor its mutations have been 
defined, linked DNA polymorphism can still be help- 
ful. However, as with intragenic DNA polymorph- 
isms, the exact “phase” of the DNA marker in rela- 
tion to the disease gene must be known {cis versus 
trans). Often a sufficient number of family members 
is not available, and it is therefore impossible to ob- 
tain the necessary information. Problems of genetic 
heterogeneity and possible recombination between 
the linked DNA marker and the disease gene make 
this approach less than 100 % accurate. 

The examples of Duchenne and Becker muscular dys- 
trophy illustrate these principles. About two-thirds of 
all Duchenne and Becker mutations are caused by de- 
letions of the X-linked dystrophin gene. Direct DNA 
diagnosis for these deletions is relatively simple (for 
example, by in situ hybridization) (Fig. 3.11) [54] and 
can be used for prenatal diagnosis and for carrier de- 
tection. If a deletion cannot be detected, a search for 
one or another of the many different missense point 
mutations that can cause the disease is not always 



Table 18.2. DNA testing for monogenic (Mendelian) diseases 

Direct mutational analysis Indirect linkage analysis 



Principle 

Source of specimen 
Family study 
Mutational defect 

Rote of allelic heterogeneity 



Search for a known molecular defect 

Blood (white cells), other tissues, archival 
specimens 

Not necessary, only individual at-risk is 
tested 

Specific DNA defect to be detected must 
be known to allow appropriate molecular 
diagnosis^ 

Specific DNA mutation must be known* 



Search for a closely linked DNA marker 
gene co segregating with the disease gene. 

Blood (white cells), other tissues, archival 
specimens. 

Essential: both affected and unaffected fa- 
mily members must be included. 

The DNA defect can be unknown. 



No effect; all allelic mutation.^ at a single 
disease Locus are detectable. 



Role of nonallelic heterogeneity Specific DNA mutation must be known May lead to missed diagnosis if an unlinked 

defect causes the same phenotypic disease. 

Role of recombination No effect Wrong diagnosis if DNA marker and dis- 

ease gene are separated by crossing over. 
Increasingly unlikely with very tight link- 
age. 



Different nonsense mutations may be detectable by single truncation test 
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practical. However, indirect DNA diagnosis using 
DNA markers of the dystrophin gene together with a 
family study can be attempted. Since the gene is very 
large, intragenic crossovers are relatively frequent 
(about 5%). This problem can be overcome by using 
flanking markers on either side of the disease gene 
(Appendix 6; Fig. A 6.4). In view of these complex- 
ities, measurement of creatine phosphokinase levels 
that are elevated in Duchenne muscular dystrophy 
carriers (but less so in Becker muscular dystrophy 
carriers) may aid further in carrier detection. 

Genetic advice concerning multifactorial conditions 
such as birth defects, common diseases of middle life, 
and major psychoses, lacks the precision possible in 
counseling involving Mendelian genes since the num- 
ber of genes and their relative contributions are usually 
unknown. Empirical risk figures need to be used, based 
on the frequency of recurrence of the disease in many 
affected families. These recurrence risks are usually 
lower than those in the Mendelian diseases and range 
between 3 % and 5 % for many common birth defects, 
such as the neural tube defects and cleft lip and palate. 
Risks to first-degree relatives (sibs, parents, children) 
for the more common diseases of middle life such as 
hypertension, schizophrenia, and affective disorders 
are about 10 %-i5 %. Careful search for the rare mono- 
genic variety of a disease that appears multifactorial 
must always be kept in mind. For example, rare patients 
with gout may have an X-linked disease due to hypox- 
anthine-guanine phosphoribosyl-transferase deficien- 
cy (308 000), or their gout may be caused by the auto- 
somal-dominant phosphoribosylpyrophosphate syn- 
thetase deficiency (138940). Among male patients 
with coronary heart disease under the age of 60 years 
about 5 % have familial hypercholesterolemia - an au- 
tosomal-dominant trait (144400; see Sect. 7.6.4). 
Transmitted chromosome abnormalities, such as 
translocations do not segregate by Mendelian ratios, 
and counseling must be based on empirically derived 
risk figures. 

Citing percentage figures of absolute recurrence risk 
is more meaningful to a family than relative risks 
based on the relative likelihood of the disease com- 
pared to the general population. A loo-fold increase 
for a condition that occurs in the population with a 
frequency of 1 : 100 000 carries an actual risk of only 
1 : 1000 - a negligible recurrence risk. For Mendelian 
conditions the recurrence risks are fixed regardless 
of whether several or no affected children have prece- 
ded. Chance has no memory! In multifactorial disea- 
ses such as congenital heart disease or cleft lip and 
palate, if two or more first-degree relatives are affec- 
ted in a given family, more disease-producing genes 
are operative in that family, and the risk for future 
offspring becomes higher than the usual 3%-5% 
[19]. However, differentiation from an autosomal-re- 



cessive variety of the condition with a recurrence 
risk of 25 % may sometimes be difficult. Detailed dis- 
cussions of the approaches to genetic counseling and 
risk data for many different types of diseases can be 
found in recent books [19, 22]. 

Communication. The meaning of genetic risks must 
be conveyed in terms understandable to patients. The 
probability that 3 %-4 % of all children of normal par- 
ents develop serious birth defects, genetic diseases, or 
mental retardation should be communicated as a 
measure against which additional risk can be gauged. 
There may be problems in communicating the extent 
of uncertainty. For example, with a sporadic case of 
an undiagnosable birth defect the risk might be zero 
if the disease is nongenetic, 2 %-3 % if there is a multi- 
factorial etiology, and 25 % if it is caused by an auto- 
somal-recessive trait. An empirical risk based on the 
probability of the various possibilities is often given 
as an empirical risk. Such a risk in this example might 
be 5% on the assumption that monogenic recessive 
varieties of this birth defect tend to be rare. However, 
many counselees prefer to be told about the full extent 
of uncertainty rather than being offered a single risk 
figure [5]. The burden of the disease must be clearly 
explained. Very severe but invariably fatal conditions 
in early life carry a less severe burden to the family 
than those associated with chronic crippling disease. 
Various reproductive options and alternatives must 
be discussed. Since problems under discussion may 
be complex and prove to be emotionally difficult to 
the patient, it may be necessary to have several coun- 
seling sessions. In any case, the counselor should pro- 
vide a written summary in lay language. 

Consanguinity. First cousins and more remote rela- 
tives who contemplate marriage occasionally ask for 
advice about the risks of having children with inher- 
ited diseases. Marriages between first cousins are ille- 
gal in 30 states of the United States. Consanguinity 
definitely increases the risks of disease caused by 
homozygosity for recessive genes (Chap. 13), but the 
absolute risks are relatively low. It has been estimated 
that the rate of various diseases, birth defects, and 
mental retardation among offspring of first-cousin 
matings is at most twice the background rate faced 
by any given couple; thus the chance that a child 
from such a mating will be normal is around 93%- 
95 %. These risks are still lower for more remote con- 
sanguinity and are difficult to discriminate from the 
population background rate for such disorders. There 
are no additional risks for offspring of a normal per- 
son married to an unrelated person when one partner 
has consanguineous parents. On the other hand, the 
risks are considerable for children of incestuous mat- 
ings involving first-degree relatives, such as sib-sib 
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and father- daughter matings; there is an almost 50 % 
risk that the child will be affected by a severe ab- 
normality, childhood death, or mental retardation 
(Sect. 13.1.2.4). It is therefore advisable that children 
of incestuous matings who are to be placed for adop- 
tion be observed for about 6 months before the adop- 
tion is finalized. By that time many potential defects 
and recessive diseases should have become evident. 

It is remarkable that generally defects in offspring of 
consanguineous matings show up as nonspecific con- 
genital malformations, childhood death, and mental 
retardation rather than as well-defined autosomal- 
recessive diseases. However, detailed searches for the 
many different recessive inborn errors of metabolism 
have rarely been carried out, and it is likely that a 
significant proportion of childhood deaths involve 
unrecognized inborn errors. 

It is possible that in societies where inbreeding has 
been practiced for many generations (such as in parts 
of southern India) the risks for offspring of consan- 
guineous matings are sometimes lower since selec- 
tion against homozygous gene combination will have 
removed many such genes over the generations 
(Sect. 13.1.2.4). 

Heterozygote Detection, It is particularly important to 
detect heterozygotes in sisters of boys affected with 
X-linked recessive diseases, such as hemophilia 
(306700) and Duchenne-type muscular dystrophy 
(310200). Regardless of their partner’s genetic consti- 
tution, there is a 50% risk that the sons of female 
heterozygotes will be affected with these diseases. In 
contrast, autosomal-recessive diseases become evi- 
dent only when both parents are heterozygotes; a het- 
erozygote sib of an affected patient must mate with 
another heterozygote for the disease to occur. The 
chance that an unrelated mate of a person who is a 
carrier of an autosomal-recessive disease carries the 
same mutation is usually quite low. 

Specialized laboratory tests may be somewhat helpful 
in carrier detection (such as creatine phosphokinase 
assays for Duchenne-type muscular dystrophy and a 
combined assay of antihemophilic globulin clotting 
and antigenic activity for hemophilia A; 306700). 
However, these are being replaced increasingly by 
various DNA tests. 

Biochemical and functional tests must be carefully 
standardized on normal subjects and obligate hetero- 
zygotes before applying them for individual carrier 
identification. The detection of heterozygotes is accu- 
rate and simple in the hemoglobinopathies. An in- 
creasing number of heterozygote states for various 
autosomal enzyme deficiencies such as the hexosami- 
nidase deficiency of Tay-Sachs disease (230700) can 
also be recognized by enzyme assays as well as by 
DNA tests [31]. 



If there is overlap in laboratory results of tests such as 
for enzyme activity between normals with a low value 
and carriers with a high value, the significance of an 
identical laboratory result in various individuals may 
differ depending upon the a priori probability of the 
tested person being a carrier. Tests that are excellent 
for carrier detection in sisters of males affected with 
X-linked diseases may give too many false positives 
in screening studies of extended kindreds or particu- 
larly in the general population where the probability 
that the tested subject is a carrier is slight [21, 45]. For 
example, 5 % of the normal female population would 
be identified as carriers of hemophilia using the same 
standards that identify sisters of hemophilic boys as 
heterozygotes with a high probability. The principle 
of widely varying significance of the same laboratory 
test result is discussed in detail for enzyme tests used 
in the detection of porphyria (Sect.7.2.2.8). 

In some of these situations additional statistical tech- 
niques are occasionally helpful for refinement of a ge- 
netic prognosis. For example: A woman’s brother is 
affected with an X-linked recessive condition; a ma- 
ternal uncle is also affected. She has therefore a 50 % 
risk of being heterozygous. Assume that she already 
has two nonaffected sons, and that a test for heterozy- 
gote detection is not available. The information that 
her two sons are normal reduces her chance of her 
being a carrier. Alternately, such a woman may have 
a negative result for a test that detects 90 % of hetero- 
zygotes. In this case her risk of being a carrier is very 
low. Appendix 6 and Murphy and Chase’s book [47] 
deal with the statistical principles of calculating the 
exact recurrence risks in such situations. 

The increasing availability of DNA markers is making 
carrier diagnosis in X-linked diseases more effective; 
this is discussed above. In any given diagnostic pro- 
blem the most direct and simple approach should be 
selected, which increasingly is direct DNA diagnosis. 
However, use of biochemical tests is often necessary 
and complements the diagnostic armamentarium. 
The information from DNA markers can be combined 
with biochemical tests and pedigree information for 
more precise diagnosis (see Appendix 6 for an exam- 
ple with detailed calculations). The fragile X mental 
retardation syndrome is another example in which 
DNA diagnosis has become very helpful (Table 18.2). 
Since the number of CGG triplet repeats responsible 
for the syndrome can be assessed, DNA diagnosis 
can discriminate between affected males who have a 
large triplet expansion and normal transmitting 
males who carry a premutation characterized only 
by less expansion of CGG triplets (see Sect. 9.4.2). 
The nonaffected carried daughters of such transmit- 
ting males will have a moderate expansion of CGG 
triplets while carrier sisters of affected males will 
have a greater expansion, causing mental retardation 



7i 6 Genetic Counseling and Prenatal Diagnosis. Human Genome Project 



in about one-third of this type of heterozygotes. 
There is good correlation between the number of 
CGG repeats and the extent of mental retardation. 

Reproductive Options and Alternatives. If a couple de- 
cides that the risks of further reproduction are too 
high, several options besides contraception should be 
discussed. Adoption is becoming less practicable be- 
cause fewer babies are available. Sterilization of either 
husband or wife may be considered, but it must be 
emphasized that this usually is an irreversible 
procedure. Sterilization is therefore undesirable for 
preventing autosomal-recessive conditions because 
remarriage to a noncarrier after possible divorce or 
spouse’s death could eliminate the genetic risks al- 
most entirely. Artificial insemination by a donor other 
than the husband may be acceptable for rare couples 
to prevent autosomal-recessive disease or autosomal- 
dominant disease contributed by the husband. 

Detection of Genetic Diseases in Relatives. Optimal 
genetic counseling in some diseases should include 
the testing of relatives at risk (Table 18.3). For some 
conditions the detection of latent disease in relatives 



may be lifesaving if followed by suitable therapy. A 
sib of a patient with Wilson disease has a 25 % chance 
of being affected but may be too young to exhibit 
overt symptoms. Sibs of patients with hereditary 
polyposis (175100) [62] have a 50% chance of being 
affected and therefore risk malignant transformation 
in one of the many polyps in this condition. In gener- 
al, vigorous attempts should be made to examine re- 
latives when a genetic condition causes serious pre- 
ventable or treatable diseases. A case can also be 
made for early detection of diseases such as polycys- 
tic kidneys (173900) [12, 23] to allow those affected 
better reproductive decisions, choice of life-style and 
appropriate occupations, and better preparation for 
ultimate renal transplantation or dialysis. Possible 
carriers of serious X-linked diseases (such as hemo- 
philia and Duchenne-type muscular dystrophy) and 
of chromosomal carrier status (such as Down syn- 
drome associated with translocation) should be 
searched for in families to allow antenatal diagnosis 
of potentially affected offspring (see below). 

Directive vs Nondirective Genetic Counseling. After 
genetic advice that includes an estimate of the recur- 



Table 18.3. Treatable and preventable adult genetic diseases with autosomal-dominant inheritance for which search in family 
members of affected patients is mandatory 



Disorder 


Method of diagnosis 


Treatment 


Advantages of early diagnosis 
and treatment 


He m och rom atos is 
(autosomaJ-recessive) 


Transferrin saturation, ferritin 
levels, 

liver biopsy most reliable 


Venesection 


Prevents liver, heart, and pan- 
creatic disease 


Hereditary spherocytosis 


Incubated osmotic fragility test 


Splenectomy 


Prevents anemia and gall stones^ 
protects against splenic rupture 


Hereditary polyposis 


Colonoscopy, DNA diagnosis 


Colectomy 


Prevents colon cancer 


Gardner syndrome 


Colonoscopy, Benign cysts, 
lipomas, fibromas on physical 
examination, DNA diagnosis 


Colectomy 


Prevents colon cancer 


Familial hyperparathyroidism 


Serum calcium, phosphorus, 
parathyroid hormone 


Surgery 


Prevents renal damage and other 
complications of hypercalcemia 


Multiple endocrine adenomatosis 


Serum calcium, phosphorus, 
blood sugar, gastrointestinal, 
and skull X-ray, DNA diagnosis 


Surgery 


Prevents complications of hyper- 
parathyroidism, hypoglycemia, 
peptic ulcer 


Medullary thyroid carcinoma 
pheochromocytoma syndromes 


Calcitonin, measurement of 
blood pressure, DNA diagnosis 


Surgery 


Prevents thyroid carcinoma and 
complications of hypertension 


Familial hypercholesterolemia 


Serum cholesterol, LDL receptor 


Diet, drugs 


Prevents premature coronary 
heart disease 


Malignant hyperthermia 


Serum creatine phosphokinase 


Avoid general 
anesthesia 


Prevents fatalities during general 
anesthesia 


Acute intermittent porphyria 


Porphobilinogen deaminase in red Avoid precipi- 
cells, DNA diagnosis bating drugs 


Prevents abdominal and neurolo- 
gical symptoms 



Note that DNA diagnosis in relatives of patients with familial breast cancer and familial nonpolyposis colon cancer is increasing- 
ly possible (See Sect. 10.4.3). Prevention in those testing as positive will allow more frequent monitoring for early signs of disease. 
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rence risk (see below) has been given, parents need to 
decide whether to have further children or not. Many 
physicians are paternalistically inclined and are ac- 
customed to giving specific directive advice for or 
against future pregnancies. In the practice of medical 
genetics, however, a fairly strong tradition of nondir- 
ectiveness has developed. Some of this nondirective- 
ness may have sociological reasons. When genetic 
counseling began in the United States some 40 years 
ago, it was usually carried out by nonphysician ge- 
neticists, who lacked the medical profession’s tradi- 
tion of dispensing directive advice. However, the 
nondirectiveness of genetic counseling fits well with 
recent trends to increasing patient autonomy. Since 
each family is unique and reactions to risks vary, 
nondirectiveness fosters mature decision making. 
However, absolutely neutral advice is rarely possible 
or even desirable. The person or family requesting 
advice usually wants and needs more than a compu- 
terlike professional who only dispenses facts. The 
counselor may unconsciously emphasize the more 
positive or the more frightening aspects of a given 
disease. These feelings tend to affect the counseling 
process directly or indirectly, often by nonverbal 
clues. A cup may be half full or half empty, and the 
positive or the negative aspect of such facts may be 
stressed more vigorously. Nor do all couples have 
the necessary educational background and social 
and emotional maturity to make fully informed deci- 
sions. A hasty assessment of the family in these mat- 
ters, however, may lead to a more paternalistic stance 
in advice giving than is desirable. Nevertheless, many 
couples expect the medical geneticist, who has the re- 
quired knowledge and experience, to aid them in 
making their decisions. “What would you do if you 
were in our position?” is a frequent question from 
counselees, regardless of background. However, since 
a couple’s economic situation, religious affiliation, 
and cultural background may differ substantially 
from that of the counselor, the counselor’s choice for 
his/her own circumstances may not necessarily be 
appropriate. Reproductive decisions differ between 
couples even when the genetic facts and the disease 
burden are identical. Furthermore, cultural traditions 
vary within different countries. 

As predictive testing for late-onset diseases becomes 
increasingly possible, nondirective advice no longer 
applies when a disease can be prevented or treated 
by appropriate measures. Reproductive advice re- 
garding genetic transmission is rarely sought under 
such circumstances. Instead, the relevant medical re- 
commendations must be given (including all options) 
for how to prevent and treat the disease. While most 
medical geneticists and counselors consider nondir- 
ective counseling as the appropriate policy regarding 
reproductive decisions, specific medical advice and 



guidance (i.e., directive counseling) is the recom- 
mended course of action under these circumstances 
and is expected by patients. 

Assessment of Genetic Counseling and Psychosocial 
Aspects [17, 34]. Genetic counseling is a relatively 
new field, and its practice has not been standardized. 
Most professionals engaged in genetic counseling 
agree that counselees should achieve sufficient under- 
standing of the medical significance and social im- 
pact of the disease to allow them to make appropriate 
reproductive decisions. Some observers have mea- 
sured the success of genetic counseling by subsequent 
reproductive behavior. If more couples with a high 
risk (>10%) were deterred from reproduction than 
couples with a low risk, genetic counseling is consid- 
ered to be successful. This result has in fact been not- 
ed in several studies [9]. Such a narrow end-point is 
considered an inadequate objective of genetic coun- 
seling. It would be better to know whether full shar- 
ing of information and comprehension of the disease 
and its recurrence risks has been achieved, and whe- 
ther all needs for information and psychological and 
social support have been met. 

Various studies of genetic counseling agree that many 
patients after counseling are confused about recur- 
rence risks and do not fully understand the nature of 
the disease. A large study was carried out by a group 
of sociologists in the late 1970s in 47 genetic counsel- 
ing clinics in the United States, involving 205 counse- 
lors and over 1000 female counselees [60]. Many dif- 
ferent conditions were included, and both counselors 
and counselees were questioned about their experien- 
ces and assessment of the counseling process. The re- 
sults showed that counselors tended to emphasize re- 
currence rates during the counseling sessions while 
counselees were often interested in causation, prog- 
nosis, and treatment of the disease - an area which 
according to the counselees was seldom discussed as 
fully as desired. While both counselors and counse- 
lees were generally more interested in the medical 
and genetic aspects of the consultation, counselees 
occasionally had psychosocial concerns which were 
not addressed by the professionals. 

This study found that 54 % of counselees who were gi- 
ven a risk and 40 % of those given a diagnosis were 
unable to report these data shortly after counseling. 
This failure of learning occurred independently of 
whether MDs, PhDs, or genetic counselors had carried 
out the counseling and was unrelated to the experi- 
ence of the counselor. Counselors with many years of 
experience had no better results than more recent 
graduates. Several other studies have reported results 
that are substantially better but by no means perfect 
[17]. Usually, but not always, education is found to be 
correlated with a better level of understanding. 
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Genetic counseling services have been used more ex- 
tensively by families with good educational back- 
grounds than by less advantaged population groups. 
Couples who are motivated to learn about the disease 
and its recurrence risks are more likely to be affected 
in their reproductive decisions by the information 
provided than those who have been referred and are 
not always certain about the purpose of the genetic 
consultation. Thus, self-referred patients also tend to 
have better comprehension of genetic counseling in- 
formation. 

Another study investigated perception of counseling 
information [36, 37]. Perception of recurrence rates 
was often not used by the counselees in the probabil- 
istic sense represented by the figures given. Percen- 
tage risks were more frequently perceived as binary, 
i. e., even with lower risks it was believed that the dis- 
ease either would or would not occur, with all the at- 
tendant fears of recurrence. Parents were then over- 
whelmed by multiple uncertainties, such as how to 
make reproductive choices, how others would react 
to their decision, what it would mean to have an af- 
fected child, and whether they would be able to fulfill 
their role as parents. Such perceptions appeared more 
important for decision making than the actual facts 
of diagnosis, prognosis, and risk. These data show 
that there is often a discrepancy between the mental 
set of the scientifically oriented counselor and the 
thought processes of the counselees, who find it diffi- 
cult to deal with probabilistic information. Bridging 
this gap is a real challenge. 

Genetic counseling - as currently practiced in most 
countries - places less specific emphasis on emotion- 
al aspects than “counseling” activities in other areas 
such as psychological and marriage counseling. 
Some observers have recommended that more atten- 
tion be given to the psychodynamic aspects of genet- 
ic disease [8, 14, 33]. It is our experience, however, 
that psychologically oriented genetic counseling, in 
which a significant amount of time is spent on psy- 
chodynamics, is rarely required. If there are deep 
psychological problems, referral to a psychiatrist or 
psychotherapist is the most appropriate course of ac- 
tion. An empathic and understanding approach to fa- 
milies with an awareness of the many social and psy- 
chological aspects of the disease and support in these 
matters, however, needs to be encouraged. Genetic 
counseling is more than mere diagnosis, risk assess- 
ment, and “cold” dispensation of information. 

There are imperfections in the genetic counseling 
process as currently practiced. Nevertheless, most 
educated counselees who receive definite information 
about the matters troubling them usually appear to 
be satisfied, and the majority of counselees with low 
risks are relieved to find that their actual risks are 
much lower than they had feared. 



The interaction of patients and professionals in any 
encounter has many variables, and scientific study of 
this process is difficult. Nevertheless, genetic counsel- 
ing as a new field demands further investigation of 
the process, its psychosocial effects, and outcomes, 
so that optimum results can be worked out. Con- 
trolled studies comparing patients who received 
counseling with those with a similar disease who did 
not would be interesting. 



18.2 Prenatal Diagnosis [5 a, 15 , 26 , 46 , 55 ] 

The field of prenatal diagnosis has grown rapidly and 
has altered the practice of genetic counseling. Specific 
information regarding the possibility of prenatal di- 
agnosis is now usually provided in genetic counseling 
situations. Prenatal diagnosis substitutes definite in- 
formation for a probability of recurrence - a much 
more acceptable outcome to most individuals. 
Prenatal diagnosis includes a variety of techniques, 
among which amniocentesis, chorionic villus sam- 
pling, and ultrasonography are most frequently used: 

Amniocentesis or chorionic villus sampling 
Chromosomal disorders 
Fetal sexing 

Inborn errors of metabolism 
All disorders detectable with DNA methods 
Open neural tube defects (amniocentesis only) 
Ultrasonography 
Neural tube defects 
Structural malformations 
Fetoscopy and biopsy 

Epidermolysis bullosa and some skin diseases 
Liver biopsy 

Maternal blood screening 

a-Fetoprotein (neural tube defects and Down syndrome) 
|3-HCG and estriol (Down syndrome) 

Fetal cell analyses (under study) 

Amniocentesis. Amniocentesis (Fig.i8.ia) is carried 
out at the beginning of the second trimester of preg- 
nancy (i5-i7th week of pregnancy) by transabdomin- 
al puncture. The procedure has proven safe in the 
hands of trained obstetricians, but it is not 100% 
harmless. There is a slight risk of fetal loss (~ 0.5- 
1%). Infection and hematomas are much rarer still, 
and other obstetric complications are even rarer. The 
procedure is performed in an outpatient setting in 
conjunction with ultrasonography, a procedure that 
decreases the failure ratio and the frequency of 
blood-stained fluid and fetomaternal hemorrhage. A 
chromosomal study requiring culture of the aspirated 
amniotic cells of fetal origin is usually carried out, 
and the results are obtained 2-3 weeks later. 

In addition to chromosomal aberrations, many en- 
zyme deficiencies and other biochemical defects can 
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Catheter 




Fig. 18.1. a Amniocentesis. Puncture of the amniotic cavity 
through the abdominal wall, b Chorion villus sampling. The 
uterus is entered through the vagina and portio vaginalis 
uteri, c The chorionic villus sampling by the abdominal route 



be detected in amniotic cells by appropriate assays or, 
increasingly, by DNA diagnosis (Table 18.4). Since in- 
dividual enzyme deficiencies are rare and the techni- 
cal problems of assay considerable, specialized refer- 
ence laboratories ideally carry out the appropriate 
testing. In view of the rarity of most inborn errors. 



enzyme and DNA analyses in prenatal diagnosis (un- 
like the search for chromosomal errors in older mo- 
thers) is never performed routinely but only on speci- 
fic indications in high-risk pregnancies (e.g., a pre- 
viously affected child). 

Chorionic Villus Sampling [6, 29, 42, 59, 63]. This 
procedure may be performed by sampling chorionic 
villi by the cervical (Fig. 18.1b) or by the abdominal 
approach (Fig. 18.1c), which is now generally prefer- 
red because the risk of infection is lower. Chorionic 
villus sampling must be performed under ultrasound 
guidance. Chorionic tissue of fetal trophoblastic ori- 
gin can be used for cytogenetic, biochemical, or 
DNA testing. The procedure can be carried out be- 
tween the 8th and 10th weeks of pregnancy and 
therefore has psychological advantages compared 
with amniocentesis, which is performed during the 
i5-i7th weeks of pregnancy. Cytogenetic results are 
available within a few days. The risk of miscarriage 
after chorionic villus sampling is slightly higher 
than after amniocentesis (2%-3% vs. 0.5-1%) even 
in experienced hands. In most centers amniocentesis 
is the routine procedure while chorionic villus sam- 
pling is reserved for high-risk cases and molecular 
studies. 

Ultrasonography. Wide use of noninvasive ultrasound 
examination of fetuses allows prenatal diagnosis of a 
variety of fetal anomalies. Ultrasonography has chan- 
ged rapidly in recent years, leading to improved diag- 
nostic precision. The diseases that can be detected 
prenatally by ultrasound include the following [22]: 

Obstetric indications 
Accurate gestational dating 
Multiple pregnancy 
Placental localization 
CNS disorders 
Anencephaly 
Hydrocephaly 
Encephalocele 
Meningomyelocele 
Spina bifida 
Holoprosencephaly 
Microcephaly 

Abdominal/Gastrointestinal 
Gastroschisis 
Omphalocele 
Duodenal atresia 
Esophageal atresia 
Various fetal tumors 
Skeletal defects 
Severe bone dysplasias 
Congenital types of osteogenesis imperfecta 
Limb defects 
Chest 

Diaphragmatic hernia 
Intrathoracic cysts 
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Table 18.4. Prenatal diagnosis of inherited metabolic disorders (autosomal-recessive inheritance unless specified; from Harper 
1993 [22] 



Disorder 

Acid phosphatase deficiency 
(lysosomal) 

Adenosine deaminase deficiency 
(combined immunodeficiency) 
Adrenogenital syndrome'' 

Adrenoleucodyst rophy“ 
Argininosuccinic aciduria 

Citrullinemia 
Cystic fibrosis® 

Cyst ino sis 

Fabry disease*' 

Farber disease 
Fucosidosis 

Galactosemia (classical)® 

Galactosemia (galactokinase 
deficiency) 

Gaucher disease® 

Generalized gangliosidosis 
Glucose 6-phosphate dehydrogenase 
deficiency® 

Glutaric aciduria 

Glycogenosis type P (von Gierke dis- 
ease) 

Glycogenosis type 11“ (Pompe disease) 
Glycogenosis type III 
Glycogenosis type IV (Andersen dis- 
ease) 

Hemoglobin S disease® 

Hemophilia A“ 

Hemophilia B® 

Homocystinuria® 

Hyperammonaemia; X-i inked® 

Hypercholesterolemia, familial® 
Hypophosphatasia® 

I cell disease (mucolipidosis II) 

Krabbe disease 
Lesch- Nyhan syndrome® 

Mannosidosis® 

Maple syrup urine disease 
Menkes disease® 

Metachromatic leucodyslrophy® 
Methylmalonic aciduria 



Usual enzyme deficiency 

Acid phosphatase 

Adenosine deaminase 

21 - Hydroxylase 

Long-chain fatty acid defect 
A rg ini nosu cc inase 

Argininosuccinate synthetase 
CFTR protein 

Unknown 

a-Galactosidase 

Ceramidase 

a-L-Fucosidase 

Galactose 1 -phosphate uridyl transfer- 
ase 

Galactokinase 

G lucocerebrosidase 

P-Galactosidase 

G6PD 

Glutaryl-CoA dehydrogenase 
Glucose 6-phosphatase 

a-l,4-Glucosidase 
A myl o- 1 ,6 -glucosid as e 
Branch er enzyme 

p-Chain substitution 

Factor VIII (G) 

Factor IX 

Cystathionine synthetase 
Ornithine transcarbamylase 

Low-density lipoprotein receptors 
Alkaline phosphatase 

Lysosomal membrane defect? 

P-Gaiactosidase 

Hy poxanthin e-guanine phosphoribo- 
syltransferase 
u-Mannosidase 
u-Ketoacid decarboxylase 
Defective copper metabolism 
Arylsulphatase A 
Methylmalonyl-CoA mutase 



Comments 
Needs confirmation. 



Amniotic fluid analysis; also indirect- 
ly by HLA linkage; treatable. 

X- linked; DNA analysis only. 

Argininosuccinic acid also raised in 
amniotic fluid. 

Mutation detection or linked DNA 
markers. 

Accumulation of intracellular 
labelled cystine. 

X-linked; variable expression in fe- 
male. 



Treatment available. 

Relatively benign and treatable 
disorder. 

Heterogeneous. 

Often mild; many enzyme variants; 
X-linked. 



Heterogeneous. 



Severity variable: DNA analysis or 
fetal blood. 

DNA or fetal blood; X-Hnked. 

DNA or fetal blood; X-linked. 

Heterogeneous. 

DNA; X-linked; variable expression in 
female. 

Only severe infantile type detect- 
able. 

Increase in multiple lysosomal en- 
zymes. 

X-linked recessive; milder partial de- 
ficiencies exist. 



X-linked; abnormal copper uptake. 

Methylmalonic acid detectable in am- 
nioiic fluid; may be treatable in 
utero; heterogeneous. 



Prenatal Diagnosis 721 



Disorder Usual enzyme deficiency Comments 



Mucopolysaccharidosis P 
(Hurler syndrome) 

Mucopolysaccharidosis IP 
(Hunter syndrome) 

Mucopolysaccharidosis III A 
(Sanfilippo A syndrome) 
Mucopolysaccharidosis III B 
(Sanfilippo B syndrome) 
Mucopolysaccharidosis IV 
(Morquio syndrome) 
Mucopolysaccharidosis VI 
(Maroteaux-Lamy syndrome) 
Niemann-Pick disease^ 
Phenylketonuria (classic)* 

Ph enylketo n uria ( dihydropteridine 
reductase type)* 

Porphyriaj acute intermittent* 
Porphyria, congenital erythropoietic* 
Propionic acidemia 

Refsum disease 
Sandhoff disease* 

Thalassemia (| 3 )^ 

Tay-Sachs disease^ 

Woiman disease 
Xeroderma pigmentosum* 



a-L-lduronidase 



Iduronate sulphatase 

Heparan sulphate sulphatase 

a- N - Acetyl hexosa m in idase 

Chondroitin sulphate sulphatase 

Aryl sulphatase B 

Sph i ngomyeli nase 
Phenylalanine hydroxylase 
Dihydropteridine reductase 

Porphobilinogen deaminase 
Uroporphyrinogen cosynthetase 
PropionybCoA carboxylase 

Phytanic add oxidase 
p-N-Acetylhexosaminidase (A and B) 
Defective p- chain synthesis 
p-N-Acetylhexosaminidase A 

Add lipase 

DNA repair enzymes 



MPS IS (Scheie syndrome) has the 
same enzyme deficit; amniotic fluid 
MPS levels useful in types I, II, and 
IIL 

X-linked; enzymatic diagnosis possi- 
ble from amniotic fluid as well as 
cells. 



Carrier detection feasible on serum. 

Heterogeneous; other forms also de- 
tectable. 



Heterogenous. 

Treatable; DNA analysis only. 

Severe and difficult to treat. 

Autosomal dominant; treatable. 

Also directly detectable from amniotic 
fluid. 

Possible; not actually confirmed. 

DNA or fetal blood. 

Carrier detection and high-risk popu- 
lation screening feasible. 
Heterogeneous. 

Heterogeneous. 



Unless otherwise indicated, the diagnosis is made from cultured amniotic fluid cells or from chorionic villi; molecular analysis 
is specifically noted only if other methods are not possible but is likely to be feasible for all disorders in which the gene has 
been isolated 

* Disorder in which the gene has been isolated; molecular prenatal diagnosis likely to be feasible 



Pulmonary hypoplasia 

Small chest wall (various skeletal syndromes) 
Renal/genitourinary 
Renal agenesis 
Polycystic kidney (infantile) 

Severe obstructive uropathy 

While all current studies indicate that ultrasound is 
harmless to the developing fetus, the indiscriminate 
application of the procedure in all pregnancies is of 
some concern in the absence of absolute proof of its 
innocuousness. In some countries, however, repeated 
ultrasonographic examination has become part of 
routine pregnancy surveillance, and many instances 
of previously unsuspected malformations have been 
diagnosed. Various authoritative bodies (National In- 
stitutes of Health, USA; World Health Organization) 
suggest caution and recommend the use of ultrasono- 
graphy only when definite maternal or fetal indica- 
tions exist. The increasing technical perfection of ul- 
trasonography complements other forms of prenatal 



diagnosis, particularly in the detection of neural 
tube defects. 

Fetoscopy [39, 41, 56]. Fetoscopy with small fiberoptic instru- 
ments allows entry into the amniotic cavity and is usually 
carried out between the 18th and 22nd weeks of pregnancy. 
Even in experienced hands this procedure carries a 5 %-io % 
abortion rate. Inspection of the fetus to detect defects has 
limitations because of the restricted field of vision. Sampling 
of fetal blood under direct vision is possible, and any genetic 
condition that manifests in fetal blood can be diagnosed. 
Fetal skin biopsies may be carried out, and even fetal liver 
biopsies have been performed to diagnose diseases that are 
expressed only in the liver. However, the increasing availabi- 
lity of DNA diagnosis and the high rate of fetal loss have 
markedly restricted the use of this technique. Some heredi- 
tary skin diseases are diagnosed prenatally by ultrastructural 
anomalies made visible by appropriate methods in skin biop- 
sies from fetuses at risk [4, 23]. 

Maternal Blood Sampling [11, 20, 39]. The sampling of mater- 
nal blood by venepuncture for a-fetoprotein (AFP) elevations 
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as a screening procedure to detect neural tube defects and 
some other fetal anomalies has been carried out in many cen- 
ters. Abnormalities that increase or decrease amniotic fluid 
levels of AFP include: 

Increased AFP 

Neural tube defects 

Spontaneous intrauterine death 

Omphalocele 

Gastroschisis 

Nephrosis (Finnish type) 

Sacrococcygeal teratoma 
Bladder extrophy 
Some skin defects 
Meckel syndrome 
Lowered AFP 
Down syndrome 

The decreasing incidence of neural tube defects in most 
countries and their increasing detectability by ultrasonogra- 
phy has made definite recommendations regarding the uni- 
versal adoption of such screening difficult. AFP screening 
may also be useful to detect Down syndrome, since fetuses 
with trisomy 21 have lower AFP levels than normal fetuses 
[2456, 2477], i.e., the median for cases of Down syndrome 
approximates 0.7 of the median for normal individuals. Other 
useful biochemical markers include unconjugated estriol and 
chorionic gonadotropin. Multiple marker screening for fetal 
Down syndrome (2nd trimester) using these three markers 
in addition to maternal age achieves a detection rate of about 
6 o %-70%, with a false-positive rate of approx. 5% [40]. It 
has been shown that if amniocentesis for chromosomal study 
were offered to all women whose blood AFP levels were at or 
below a specified level (i. e., 0.5 of the median level) an addi- 
tional 20 %-40 % of Down syndrome cases would be found 
over those detected with current methods using amniocent- 
esis at specified maternal ages. However, for each case of tri- 
somy 21 so detected, 150-200 additional amniocenteses on 
normal fetuses would have to be performed. 

Other methods, such as the detection of fetal cells in the ma- 
ternal circulation, are under investigation. The successful ap- 
plication of such a technique would be useful in screening 
maternal blood for fetal cells with chromosomal and bio- 
chemical aberrations. However, although some fetal cells ex- 
ist in the maternal circulation, many technical difficulties 
need to be overcome before this procedure can be applied 
routinely. 

Indications for Prenatal Diagnosis, With newer mo- 
dalities of prenatal diagnosis, more indications exist, 
and an increasing number of fetal conditions can be 
diagnosed. Chorionic villus sampling is used for the 
same indications as amniocentesis and has the ad- 
vantage of being available significantly earlier in 
pregnancy. 

1. Maternal Age. Amniocentesis is most frequently 
performed to rule out Down syndrome and other 
chromosomal aberrations in women of “advanced” 
maternal age. In most countries this age is set 
somewhat arbitrarily at 35 years, where the risk for 
Down syndrome at birth is about 1/400, rising to 



1/100 by age 40 and to 1/40 by age 44 (Table 9.4). 
The incidence of Down syndrome and other chro- 
mosomal aberrations is significantly higher at am- 
niocentesis than at birth, since many aneuploidies 
are spontaneously aborted prior to birth (Chaps. 9). 

2. Previous Aneuploidy: A previous child with Down 
syndrome or other autosomal trisomy slightly in- 
creases the risk of recurrence. The risk for Down 
syndrome is about 1/250 for those under 35 years 
of age and is probably about twice the age-specific 
risk for those aged over 35 years. 

3. Parental Chromosomal Rearrangements [13]. The 
carrier status for translocations or pericentric in- 
version gives an increased risk of unbalanced, ab- 
normal fetuses (e.g., translocation Down syn- 
drome; Sect. 2.2.2). The risks do not correspond to 
those expected from chromosomal segregation but 
are based on empirical data, presumably because 
of selection against unbalanced gametes. The risk 
for translocation trisomy 21 is about 15% when 
the mother is the carrier and only 3 % if the father 
is the carrier (ti4q2i and t2iq22q). In reciprocal 
translocations the risks of future affected offspring 
are significantly higher (~20%) if ascertainment 
occurs via an affected live offspring as opposed to 
ascertainment by recurrent abortions (5% risk; 
for details see Sect.2.2.2.2). The more extensive un- 
balanced duplications/deletions (3-6 chromosome 
bands out of 200 total) are associated with lower 
recurrence risks (9 %-i6 %) than those with dupli- 
cations/deletions affecting only 1-2 bands (34%). 
Presumably larger defects are often not viable and 
abort spontaneously prior to amniocentesis. 

4. Risk for X-Linked Disorders. When prenatal diag- 
nosis became available, but specific diagnosis of 
X-linked diseases was not yet possible, diagnosis 
of the male sex was offered; sons of carrier mo- 
thers had a disease risk of 50 %. Fortunately, how- 
ever, diagnosis of such diseases at the DNA level 
has become possible in recent years, and sex diag- 
nosis has become less and less common for this 
type of indication. It is unfortunately practiced in 
some societies where males are valued higher for 
sociological reasons in order that female fetuses 
can be aborted. 

5. Fragile X Syndrome. Prenatal diagnosis of this 
common syndrome (see Sect. 15.2.1.2) can now be 
achieved by DNA diagnosis of the expanded CGG 
triplet (Table 18.5). 

6. Hemoglobinopathies [41]. Diagnosis of the various 
thalassemias and of sickle cell anemia is usually 
carried out by direct DNA diagnosis and rarely by 
the linked marker approach. 

7. Inborn Errors of Metabolism: Enzyme assay or 
DNA diagnosis of fetal cells needs to be done. The 
list of such conditions is long (Table 18.4). Diagno- 
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Table 18.5. Fragile-X mental retardation (from Harper 1993 [22] ) 





Clinical features 


Risk to children 


Cytogenetic results 


DNA analysis 


Index cases 
(male or female) 


Mental retardation 
and typical fades 


Rarely reproduce 


Fragile site present, 
frequent 


Large DNA expansion 


Normal transmit- 
ting male 


Normal 


All daughters carriers; 
sons normal 


Fragile site not nor- 
mally seen 


Small expansion 
(pre mutation) 


Carrier daughters 
of normal trans- 
mitting male 


Normal 


Around 75 % of affect- 
ed sons and 1/3 affect- 
ed daughters retarded 


Fragile site absent or 
occasional 


Small to moderate 
expansion (heterozy- 
gous) 


Carrier sister of 
affected male 


Variable; 1/3 retarded 


All affected sons and 
half affected daughters 
retarded 


Fragile site usually 
present 


Moderate to large 
expansion (heterozy- 
gous) 



Table 18.6. Some autosomal-dominant disorders in which the gene has been mapped or cloned (modified from Harper 1993 
[22]) 



Disease 


Chromosomal 

assignment 


Mutation or gene product 


Adenomatous polyposis coil 


5q2l-q22 


A PC gene 


Amyloidosis 1, neuropathic, Portuguese, Japanese, 
Swedish types and others 


lSqll.2-ql2.1 


Transthyretin 


Cardiomyopathy, familial hypertrophic (one locus) 


14qll-^ql2 


Cardiac myosin alpha and/or p heavy- 
chain lesion 


Charcot -Marie -Tooth neuropathy I 


17pl3.1-plU 


Peripheral myelin protein 


Cystic fibrosis 


7q31-q32 


Cystic fibrosis trans membrane regulator 
(CFTR) 


Endocrine neoplasia, multiple, type 2 


10pll.2-qlL2 


Ret oncogene 


Huntington disease 


4pter~pl6 


CAG triplet repeat 


Marfan syndrome 


15q 


Fibrillin 


Myotonic dystrophy 


I9ql3 


Myotonin protein kinase (CTG unstable 
triplet repeat) 


Neurofibromatosis 1 (von Recklinghausen disease) 


I7qll 


Neurofibromim (related to GPTase acti- 
vating protein) 


Neurofibromatosis 2 (bilateral acoustic neuroma) 


22qH 


Specific tumor suppressor gene 


Retinitis pigmentosa, autosomal dominant 
(some families) 


3q21-q24 


Rhodopsin (RHO) 


von Hippel-Lindau disease 


3q26-p25 


Tumor suppressor gene 


Waardenburg syndrome, type 1 


2q37 


PAX 3 developmental gene 



sis at the gene - DNA level is possible in many con- 
ditions, including phenylketonuria. 

8. Various other Genetic Diseases allowing direct or 
indirect DNA diagnosis. A list of such diseases is gi- 
ven in Table 18.6. Same of these diseases are dis- 
cussed in Chap. 5. This list will grow rapidly in the 
next few years. 

9. Neural Tube Defects. Amniocentesis (not chorionic 
biopsy) for amniotic fluid AFP is usually carried 



out in high-risk women such as those with pre- 
viously affected children or following a confirmed 
maternal high blood AFP level. Ultrasound is 
very useful and should always be performed in 
these circumstances. Other markers in amniotic 
fluid (for example, acetylcholinesterase level in- 
creases) may provide hints to the presence of 
neural tube defects and other anomalies (See be- 
low). 
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Prenatal diagnosis is widely used in today’s industria- 
lized countries. Extensive public information via wo- 
men’s magazines in Denmark has led to the highest 
acceptance rate, with 8o% of eligible women being 
studied. The availability of prenatal diagnosis often 
encourages parents to start a pregnancy under cir- 
cumstances in which fear of an affected infant would 
previously have deterred childbearing. While abor- 
tion for fetal indications has become accepted in 
many countries, a significant proportion of the popu- 
lation in the United States and elsewhere has strong 
feelings for religious or other reasons against termi- 
nation of pregnancy. Some antiabortionists are parti- 
cularly concerned about the making of value judg- 
ments regarding the continuation of fetal life as is 
done with genetic disorders. They feel that such prac- 
tices are the beginning of the “slippery slope” that 
would ultimately lead to rejection of relatively minor 
defects in the search for the “perfect” baby and lead 
to a resurgence of eugenic and racist schemes. Fears 
have also been expressed that society would be less 
inclined to pay large sums of money to take care of 
children with genetic diseases when abortion could 
have prevented the birth of the disabled child. How- 
ever, largely because most disabilities cannot be diag- 
nosed in utero at present, such trends have not 
emerged. Furthermore, the fact that society in recent 
years has generally given better financial and social 
support for the handicapped argues against the valid- 
ity of these fears [46]. 



18.3 Genetic Screening [40, 44, 46 a, 49] 

With better understanding of various genetic disea- 
ses, public health applications have developed. It is 
reasoned that all members of a population at risk 
should be screened for a given defect if treatment or 
preventive measures are possible. Similarly, screening 
for certain genetic carrier states has been recommen- 
ded to allow genetic counseling or intrauterine diag- 
nosis before a sick person has been born. These pro- 
grams are distinct from the usual retrospective genet- 
ic counseling, in which patients and families ask the 
advice of genetic counselors because someone in the 
family has a genetic disease. 

Phenylketonuria Screening: Prevention of Mental Re- 
tardation [35, 49]. Phenylketonuria (261600) is one 
of the most common inborn errors of metabolism in 
populations of European origin, with a frequency of 
about 1/10000 births. The condition is an autoso- 
mal-recessive trait and is caused by a mutation affect- 
ing the enzyme phenylalanine hydroxylase, which 
fails to metabolize phenylalanine. The resultant 



buildup of metabolites damages the developing brain 
and leads to profound mental retardation. If diag- 
nosed shortly after birth, an appropriate diet that re- 
stricts phenylalanine can prevent mental retardation. 
Before dietary treatment was widely instituted, about 
1 % of residents in institutions for the mentally retar- 
ded had phenylketonuria. The disease can be diag- 
nosed by simple and inexpensive tests in blood ob- 
tained by puncture of the infant’s heel before leaving 
the hospital (Sect. 7.2.2./). Most developed countries 
have introduced phenylketonuria screening as a rou- 
tine test for all newborns. A positive screening test 
does not necessarily mean that the baby has phenyl- 
ketonuria because variants of hyperphenylalaninemia 
exist that may not cause mental retardation. Follow- 
up by a team of an experienced biochemist and pe- 
diatrician is therefore required to assure that treat- 
ment is administered only if necessary since a phe- 
nylalanine-restricted diet may be injurious. 
Furthermore, classical phenylketonuria must be dis- 
tinguished by appropriate tests from defects that 
cause malignant hyperphenylalanemia, such as dihy- 
dropteridine reductase deficiency and errors in biop- 
terin synthesis [58]. Affected patients with these de- 
fects are not clinically influenced by phenylalanine- 
restricted diets. 

The success of the PKU program has raised new pro- 
blems in that girls with PKU who had effective treat- 
ment during childhood and are no longer on diets 
are now becoming pregnant. The pregnant woman’s 
phenylalanine levels are high, so that the developing 
fetus (who is an obligatory heterozygote for PKU) is 
injured by the high phenylalanine levels of the mother. 
Multiple abortions, microcephaly with mental retar- 
dation, cardiac defects, and intrauterine growth retar- 
dation have invariably been found. Reinstatement of a 
phenylalanine-restricted diet before the beginning of 
pregnancy should prevent these abnormalities. In 
view of logistic difficulties in identifying all mothers 
who have had PKU and the occurrence of unplanned 
pregnancies, it is difficult to ascertain all women who 
need renewed phenylalanine- restricted diets. 
Screening of newborns for congenital hypothyroid- 
ism has become well established and is based on as- 
say of blood thyroxine (T^) followed by measurement 
of thyroid-stimulating hormone (TSH) if T^ levels are 
elevated. Treatment with thyroid hormone is highly 
effective by preventing mental retardation and other 
signs and symptoms of hypothyroidism. The fre- 
quency of congenital hypothyroidism is about 1/ 
4000 - two to three times more common than phe- 
nylketonuria. The etiology of congenital hypothyroid- 
ism is usually non-Mendelian and often nongenetic. 
Currently phenylketonuria and congenital hypo- 
thyroidism can be recommended unequivocally for 
routine screening of all newborns. 



Genetic Screening 



Testing for sickle cell anemia is required in most 
states of the United States in all newborns since it 
has been found difficult logistically to identify Afri- 
can-American infants for testing. The rationale is 
prevention of lethal infections by antibiotic prophy- 
laxis. 

Several other potentially or partially treatable inborn 
errors of metabolism can be tested for on newborn 
blood. These conditions - such as maple syrup urine 
disease (248600), homocystinuria (236200) and ga- 
lactosemia - are much rarer than phenylketonuria 
(261600). No general policy regarding testing of 
these conditions has evolved. It is particularly impor- 
tant that prior to newborn screening for such condi- 
tions parents give fully informed consent for testing 
of diseases that only partially or poorly respond to 
treatment [2]. 

Similarly, there is no agreement whether newborn 
screening should be carried out for diseases such as 
cystic fibrosis and Duchenne muscular dystrophy 
since there is no clear evidence that knowledge of 
the diagnosis can alter the clinical course. However, 
such information may be useful so that parents can 
know their carrier status for reproductive purposes 
[22]. More pilot studies are needed to assess the psy- 
chosocial, genetic, and medical impact of such pro- 
grams. 

Cost-benefit calculations have sometimes been car- 
ried out to justify the cost of screening programs for 
inborn errors of metabolism. Such calculations con- 
trast the financial costs of caring for a diseased child 
with the expenses of the screening program. Humani- 
tarian aspects cannot be readily quantified and by ne- 
cessity must be neglected in cost-benefit analyses. 
Even economic considerations are often treated sim- 
plistically in such analyses. For example, the disap- 
pearance of all cases of phenylketonuria would re- 
duce the number of patients in hospitals for the men- 
tally retarded by 1%. It is quite unlikely that such a 
change would have any but the most trivial effect on 
the budgets of such institutions. The full cost of all 
personnel, such as professionals who are paid from 
other funds but spend much of their time on screen- 
ing programs, are often not taken into account [28, 
50]. It is therefore considered unwise to base the ini- 
tiation of screening programs on cost-benefit analy- 
ses alone. 

Screening Mothers at Risk for Chromosomal Malfor- 
mations. The existence of a maternal age effect for 
many chromosomal defects makes it desirable to 
search for abnormalities such as trisomy 21 in older 
mothers. Currently women over the age of 35 are of- 
fered prenatal diagnosis since the risks for trisomy 21 
rise steeply with increased maternal age (Sect. 9.2.2). 
Because of small family size, such as is found in the 



United States and most European populations, most 
cases of trisomy 21 are born to younger women [25], 
and the population impact of prenatal diagnosis for 
the prevention of Down syndrome would be less 
than ideal. Together with the use of various maternal 
blood indicators (i.e., triple screening for a-fetopro- 
tein, human chorionic gonadotropin, and estriol), a 
larger number of chromosomal abnormalities - par- 
ticularly Down syndrome - can be identified. With 
these techniques and selective abortion a significant 
reduction of Down syndromes could therefore be ex- 
pected. The promise of identifying chromosomal ab- 
normality in the fetus by maternal blood sampling 
may make it possible to identify most if not all chro- 
mosomal defects during pregnancy. Under such con- 
ditions, anomalies due to numeric or structural chro- 
mosomal aberrations will become completely avoid- 
able. 

Screening for Autosomal-Recessive Traits. Certain het- 
erozygote traits are common in some populations. 
Screening of these populations for the carrier state 
would identify carrier x carrier matings who have a 
25 % chance of affected children. 

Following screening, carriers should be counseled re- 
garding the genetic and medical risks of the disease 
and provided with information regarding the various 
reproductive alternatives. These would include: (a) 
avoidance of mating with another carrier, (b) avoid- 
ance of childbearing if married to a carrier, and (c) 
prenatal diagnosis and abortion of an affected fetus 
if married to another heterozygote. The mating of 
heterozygotes with persons who are not carriers has 
no untoward medical or genetic consequences. It is 
not difficult to see that the option of avoiding a mate 
who happens to carry the identical genetic trait or 
preclusion of childbearing are not very popular. 
Screening programs have been most successful in re- 
latively well-informed populations for traits where in- 
trauterine diagnosis of the disease is available. The 
carrier state for Tay-Sachs disease (272800) occurs 
at a frequency of about 4 % among Ashkenazi Jewish 
populations. The hexosaminidase deficiency charac- 
teristic of the defect can be readily detected in serum, 
and heterozygotes can be identified. Fetuses with 
Tay-Sachs disease can be identified by assay of en- 
zyme in fetal cells aspirated by amniocentesis and 
grown in tissue culture. Programs for Tay-Sachs 
screening have been carried out in many metropoli- 
tan areas of the United States, and many fetuses with 
Tay-Sachs diseases have been identified and aborted 
[30, 31]. In families with previous cases of Tay-Sachs 
disease the program has been life-giving by allowing 
couples to have healthy children, as assured by in- 
trauterine diagnosis. Without amniocentesis such 
couples would practice contraception. These pro- 
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grams have required a fairly high level of publicity to 
attract those at risk for testing. Even with the rela- 
tively high heterozygote frequency of 4%, only 1 in 
2000 Ashkenazi Jewish children are affected 
(0.04 X 0.04 X 0.25) and only as the result of matings 
in which both parents are of Ashkenazi ancestry. Ob- 
stetricians are often not acquainted with the disease 
and may not test Jewish patients for the trait. One 
community has refused to initiate screening on the 
grounds that the frequency of the disease does not 
justify the potential emotional disturbances in those 
identified as carriers. In general, however, with ade- 
quate education, public response to the programs 
has been good. 

Sickle cell carrier screening has been less successful 
[16, 43, 49]; this must be distinguished from the 
newborn program which is designed to detect in- 
fants with sickle cell anemia. Black populations in 
which the sickle cell trait is common are often less 
well educated, and the purpose of a genetically or- 
iented screening program has not always been 
made clear to those to be screened. Particularly, 
the distinction between the innocuous sickle cell 
trait and sickle cell anemia has often not been 
properly explained. Occasional sickle cell trait carri- 
ers have been discriminated against in occupations, 
life insurance, and even in marital choice. These 
consequences illustrate the importance of extensive 
public education before screening programs are in- 
itiated. 

While the sickle cell trait always could easily be de- 
tected, prenatal diagnosis for sickle cell anemia has 
also become available by direct DNA study [32]. How- 
ever, the disease is less serious than Tay-Sachs disease 
or p thalassemia major (see below). There is consid- 
erable variability in clinical expression, and some 
patients are not very sick. Intrauterine diagnosis for 
sickle cell anemia is therefore requested less often 
than for the more severe genetic diseases. 

P Thalassemia screening to identify couples for pre- 
natal diagnosis has been very successful in several 
Mediterranean areas, such as Cyprus, the Ferrara 
area of Italy, Sardinia, and Greece, where the frequen- 
cy of the condition has fallen dramatically since the 
late 1970s when fetal diagnosis (on blood obtained 
during fetoscopy) and selective abortion was initiated 
[976, 2467] (Fig. 18.2). The results in Mediterranean 
countries demonstrate that screening and a prenatal 
diagnostic program is possible and can have a great 
public health impact. 

Screening for Neural Tube Defects [2453, 2476, 2499]. 
Neural tube defects have a multifactorial etiology. Ge- 
netic factors appear to apply, but their specific nature 
is unknown. Their frequency ranges from 1/200 in 
southeastern England to 1/1000-1/1500 in Germany 




Fig. 18.2. Fall in the birth rate of babies with homozygous P 
thalassemia in Sardinia. Y-axis, number of new borns expect- 
ed and observed with thalassemia major. Carrier screening 
began in 1975. (From Cao et al. 1989 [7] ) 

and the United States. Rates have been declining in 
recent years. Population screening for these defects 
can be carried out by maternal AFP determinations 
in serum at 16-18 weeks of pregnancy, often in con- 
junction with acetylcholinesterase (AChE) assays 
(see above). Most mothers carrying a fetus with an 
open neural tube defect have elevated AFP levels. 
Such elevated levels, however, can be caused by 
many other fetal diseases and by multiple pregnancy, 
intrauterine death, or underestimation of gestational 
age. There is an overlap between normals and affec- 
ted subjects [58]. The programs detect 8o%-90% of 
open neural tube defects, and still more if AChE is in- 
cluded. A blood AFP test is repeated if AFP levels are 
elevated, and ultrasound is performed to rule out 
twins, to confirm gestational age, and to find indica- 
tions of neural tube defect. If an elevated blood AFP 
level is confirmed, amniocentesis to detect elevated 
amniotic fluid AFP is carried out. Such screening 
programs are complex and somewhat controversial 
since most women with elevated AFP levels do not 
have an affected fetus. The lower the frequency of 
neural tube defects in a given population, the higher 
is the proportion of false-positive AFP results without 
neural tube defects. Nevertheless, those who have di- 
rected such programs feel that maternal AFP screen- 
ing is valuable in populations in which the frequency 
of neural tube defects is not rarer than 1/1000, and if 
a quality laboratory and trained personnel are avail- 
able to allow the extensive counseling and ultrasound 
studies that are required [3]. It has been estimated 
that 1500 fetuses with neural tube defects are aborted 
per year in the United States as a result of such pro- 
grams. 

Extensive Future Screening of All Newborns for Many 
Polymorphisms? Until now screening programs have 
been introduced only for certain inherited diseases. 
However, as noted in discussions on the genetic basis 
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of common disease (Chap. 6), on genetic polymorph- 
isms in relation to disease (Chap. 6), and on pharma- 
cogenetics and ecogenetics (Sect. 7.5), some “normal” 
genes whose products can be recognized may influ- 
ence susceptibility to common disease, interacting 
sometimes with specific environmental conditions. 
This raises the question of whether it could be useful 
in the future to screen every newborn for many of 
these polymorphisms to allow an individual prog- 
nosis regarding disease risks. Preventive measures, 
such as avoidance of certain food stuffs, tobacco 
smoking, alcohol, other drugs, or occupational expo- 
sure to specific environmental conditions, such as 
dust or chemicals, might be recommended depending 
upon the specific results. It might thus become possi- 
ble to reduce the risks for certain diseases to which 
some genotypes are more susceptible. 

Such screening would have significant societal im- 
pact. How would society react to the knowledge that 
some of its future members will have a good chance 
of reaching an advanced age in reasonably good 
health, whereas others will need lifelong protection 
from certain ubiquitous environmental influences 
and still others may have a relatively restricted life 
expectancy under the best conditions? Who in a so- 
ciety should have access to this information? How 
could confidentiality be ensured in storage by com- 
puters? Will the solidarity within human communi- 
ties be able to cope with this kind of genetic inequal- 
ity, or will there be conflict between groups with dif- 
ferent genotypes? How will detailed knowledge of 
one’s liabilities influence individual happiness and 
fulfillment? Because of all these uncertainties, there 
is current agreement not to test in the newborn peri- 
od for late onset disease genes or for various genetic 
susceptibilities unless effective preventive or treat- 
ment measures are available [2]. 

These are only some of the ethical problems raised by 
the development of human genetics and specifically 
by the prospects of genetic screening. Mankind does 
not yet appear to be psychologically prepared for 
such developments. 



18.4 Human Genome Project 

A Large-Scale Science Project. The Human Genome 
Project is the first large-scale science project in biolo- 
gy [51]. Compared to a number of large, coordinated 
programs in engineering, physics, and the space sci- 
ences, biological research has generally been some- 
thing of a “cottage industry” carried out by single or 
more recently small groups of investigators. The Hu- 
man Genome Project aims at full elucidation of the 
genetic, physical, and nucleic acid sequence map of 



the human genome and of several model organisms 
{E.coli, yeast, roundworms. Drosophila, and mice). 
This goal involves coordinating the work of many re- 
searchers in different locations in various countries. 
The United States budget for the project in the initial 
years of 1991-1993 was $ 135 million, $ 166 million, 
and $ 171 million per year, respectively. Other coun- 
tries including the members of the European Union 
and Japan are also spending relatively large amounts 
of money for this purpose. The project aims to con- 
clude its efforts after 15 years [10]. 

The project was designed and planned at a time 
when developments in molecular biology and the 
“new genetics” could be applied to elucidate the de- 
tailed structure of the genetic material. Many scien- 
tists were initially skeptical about the need for such 
an effort. It was argued that since 95 % of DNA may 
be evolutionary waste or “junk,” sequencing of 
most of the genome would not provide biologically 
significant data. Attention to cDNA or expressed 
genes would lead to more interesting biological data 
at much less cost. Genomic work was often depicted 
as repetitive, dull, and directed from above rather 
than driven by hypothesis-testing investigators who 
ask intelligent and solvable questions. The most ex- 
citing questions, such as how genes are turned on 
and off during development, and how genes work in 
the nervous system, would not be elucidated by the 
approach taken by the genome project. Some critics 
argued that by its very existence the initiative pro- 
motes “geneticization” by suggesting that complex 
traits, diseases, and behavior are fundamentally ge- 
netic in origin rather than being caused by environ- 
mental factors, with genetics playing a minor role 

[27]. 

Advantages. Proponents argued that concerted work 
would be less expensive than piecemeal efforts by 
many investigators, such as was required for the 
cloning of the cystic fibrosis gene. They pointed out 
that the information provided by the Genome Project 
would once and forever give a definitive basis and in- 
frastructure for all of biology and biomedical re- 
search in the future [51]. Just as one needs to know 
gross and microscopic anatomy to understand the 
human organism in health and disease, full knowl- 
edge of the genetic map and the DNA sequence is 
now required to explore, elucidate, understand, and 
ultimately even manipulate the genetic material. 

The Genome project is also designed to improve the 
research infrastructure of human genetics by launch- 
ing efforts in the physical, engineering, and computer 
science aspects of DNA research since most emphasis 
so far has been directed to genetic and molecular bio- 
logical approaches. On a more practical basis, knowl- 
edge from the Genome Project is likely to contribute 
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to many applications for diagnosis and management 
not only of the well-defined genetic diseases but also 
of the many common diseases with genetic determi- 
nants. Knowledge gathered by the Genome Project is 
likely to aid the relatively new biotechnology indus- 
try by discovering new genes that will lead to the 
manufacturing of diagnostic and therapeutic agents. 
Such an economic argument is well received by legis- 
lators who allocate grant funds for research work. 

The First Initiative. It is noteworthy that the initiative 
for the Human Genome Project did not originally 
come from human or medical geneticists but from 
policy makers in the Department of Energy (formerly 
the Atomic Energy Commission) who were seeking a 
use for their large-scale facilities and experience in 
physical biology. Later, the National Institutes of 
Health became committed, largely through the efforts 
of molecular biologists, particularly James Watson, 
the codiscoverer of the DNA double helical structure 
[6i] who became the first director of the United 
States Genome Project. 

The Human Genome project owes much to the report 
of a committee of the National Research Council pub- 
lished in 1988 [48]. This committee brought together 
both proponents and skeptics who recommended 
that a major effort in genetic mapping and physical 
mapping be instituted. Delay in the sequencing pha- 
ses of the project was advised until more efficient 
methods became available. These recommendations 
have generally been followed. New molecular meth- 
ods (such as PGR) developed outside the Genome 
Project has helped the project immensely. 

Methods. A substantial portion of the funds of the 
Human Genome Project in the United States are 
being spent on physical aspects of mapping. In physi- 
cal mapping, a DNA sequence is localized to a speci- 
fic physical piece of the chromosome by methods de- 
scribed elsewhere in the present volume, such as 
chromosome banding (Sect. 2.1.2.3), the various 
methods for in situ hybridization of chromosomes 
(Sect.3.1.3.3), and DNA contig building (Sect. 5.1.3). 
Chromosomal banding is physical mapping by which 
a given genetic characteristic is localized to a defined 
chromosomal band. In situ hybridization documents 
the localization of a probe for a certain gene to a spe- 
cific location on a chromosome and is usually carried 
out by autoradiography with radioactive probes 
(Sect.3.1.3.3). More recently, fluorescence in situ hy- 
bridization has allowed detection of human gene seg- 
ments using fluorescent dyes for visualization of the 
chromosomal sites (Sect.3.1.3.3). Large-scale physical 
maps are constructed by the process of contig build- 
ing. A contig is an organized set of DNA clones that 
as a group covers a region that is too long to clone a 



single piece. The most useful vector to carry large 
pieces of DNA are yeast artificial chromosomes 
(YACs) which allow cloning of large pieces of linear 
DNA segments (up to 1000 kb) in yeast fS. cerevisia) 
[6a]. This methodology has allowed the completion 
of complete YAC-based maps of human chromosome 
21 and Y chromosome and more recently of all hu- 
man chromosomes by a French group. Unfortunately, 
there are both gaps and YAC rearrangements in such 
maps which makes them somewhat inaccurate, thus 
requiring further work. Another useful development 
for physical mapping have been DNA landmarks de- 
signated as sequence-tagged sites (STS) [51]. An STS 
is a unique DNA sequence that can be amplified by 
PGR techniques. They can be stored electronically 
and are readily available to scientists all over the 
world. 

It has became apparent that an understanding of the 
regulation of gene expression could not be solved by 
cDNA analysis since regulatory genes may exist up- 
stream and downstream from structural genes as 
well as in intronic sequences, thus justifying the se- 
quencing of the entire genome. The sequencing of 
genes in model organisms (£. coli, roundworms, 
yeast) has revealed the existence of a much greater 
number of genes than had been suspected. A large 
portion of the open reading frames of the genomic 
DNA of model organisms appears to reflect the pre- 
sence of previously unknown genes. Sequencing in 
several model organisms has already identified 
homologies and identical motifs across species, in- 
cluding humans. This approach is becoming increas- 
ingly useful for identifying critical genes involved in 
regulation and transport [51]. Although not all criti- 
cism has been silenced, the Human Genome project 
has become fairly widely accepted by the biomedical 
research community and is thriving. The develop- 
ment of new and faster sequencing technology, how- 
ever, has lagged. Contributions by the physical, engi- 
neering, and computer science community have gen- 
erally been modest so far. 

Research Organizations. Several organizations have 
sprung up around the Human Genome Project. The 
Center for Study of Human Polymorphisms (CEPH) 
in Paris that existed earlier has been particularly use- 
ful for coordinating the exchange of DNA specimens 
from large families between investigators all over the 
world for linkage studies with genetic markers. The 
existence and operation of such a repository has 
been a major factor in hastening the construction of 
genetic maps. An international organization (HUGO; 
Human Genome Organization) has been set up to co- 
ordinate genome projects in different countries, since 
most nations of the developed world have established 
their own human genome projects. 
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Human Diversity Project. A small offshoot of the hu- 
man genome initiative has been the Human Diversity 
Project. Standard large populations such as Japanese, 
Germans, Russian, etc. are readily available for study 
so that data on gene distribution will ultimately be- 
come available. However, there are many small popu- 
lations (such as the pygmies, certain native American 
tribes) all over the world that may vanish in the not 
so distant future. The task of the Human Diversity 
Projects is to collect a sufficient number of specimens 
from members of each of these unique populations in 
a concerted effort for study of DNA markers to allow 
characterization of these groups to assess their ori- 
gins and affinity with other populations. Despite the 
unexceptional aim of such studies, accusations of sci- 
entific imperialism, exploitation, and racism have 
been raised by some critics who may not have been 
appropriately informed regarding the scientific aims 
of such studies. 

The question has sometimes been raised whether the 
genome of a single individual will be chosen as the 
standard human type. Because of the marked varia- 
tion between humans, the final gene map will of 
course be a composite of the DNA sequence of 
many different individuals. One can hope that se- 
quencing technology will become so advanced in 
the first quarter of the twenty-first century that the 
entire DNA sequence of a person (~ 3-3.5 x 10^ base 
pairs of the haploid genome; Sect.3.1.1.1) can be ra- 
pidly obtained for storage on a computer disk. Con- 
siderable technical progress will be required to 
achieve such an aim. 

Ethical Legal CLnd Social Aspects. Many scientific and 
technological developments such as those of the In- 
dustrial Revolution have had a major impact on hu- 
man societies, but their effects emerged long after 
the various innovations were planned and intro- 
duced. Many social, ethical, and legal consequences 
are likely to arise as the role of genes in health and 
disease becomes better understood. A significant 
proportion of the budget of the United States Genome 
Project (about 5%) has therefore been set aside to ex- 
plore the societal impact of the new insights into hu- 
man genetics. This is the first time in the history of 
science and technology that a considerable portion 
of the budget of a large science project has been de- 
voted to studying its societal and ethical impacts 
while the scientific work is still being carried out. 
Many problems that are being discussed in this con- 
nection are not entirely new, since the scientific de- 
velopments in medical genetics over the past two 
decades have already raised a variety of identical is- 
sues. Bioethicists, sociologists, and theologians have 
pondered these issues, often in governmental or quasi 
governmental committees and have made recommen- 



dations regarding public policies (see [2] ). Many 
symposia to consider these matters have been held. 
Genetic risk assessment for individual patients and 
their families will be carried out increasingly by a 
variety of DNA and other tests. Generally, genetic 
testing for differential diagnostic purposes such as 
in cancer detection raises no ethical problems. What 
then are some of the problems? The possibility of 
misuse of genetic knowledge for occupational discri- 
mination has been raised (see [57] ). Should a per- 
son’s higher genetic risk of developing a late-onset 
disease be permitted as a criterion for job selection 
or job assignment? What if the disease is a psychia- 
tric condition? Most such scenarios at this time re- 
main theoretical since test systems to make such pre- 
dictions are rarely available. Most observers feel that 
the capacity to fulfill the responsibilities of a job 
now rather than in the future should be the sole cri- 
terion for occupational placement. The problems of 
genetic susceptibility to developing a disease on ex- 
posure raises difficult question in occupational medi- 
cine [57]. It has often been discussed whether indivi- 
duals with a genetic susceptibility to developing an 
illness from certain chemical agents should be kept 
away from the offending substance. One would not 
advise a hemophiliac adolescent to become a butcher! 
But who should ultimately be responsible for making 
such decisions? Some would let the individual decide 
even if damage might occur. Others would let society 
be the arbiter, particularly if harm to others might 
occur. For example, we do not allow persons with se- 
vere genetic color vision defects to be employed in 
the transportation industry, where color discrimina- 
tion is essential. 

Unlike in most European countries, health insurance 
problems in the United States have been a thorny is- 
sue. Insurance companies would like to use knowledge 
of a preexisting genetic disease or its possible future 
occurrence to exclude coverage. Life insurance raises 
somewhat different problems. A useful compromise 
here would be to allow everyone regardless of genetic 
risk to obtain, say, $ 75 000 life insurance. When high- 
er benefits are involved, life insurance companies 
might be allowed to use any information (including 
genetic history or even testing) to estimate the poten- 
tial longevity of an applicant. Not allowing the use of 
such predictive information might lead to “adverse se- 
lection” since those at high risk would tend to take out 
insurance policies in high amounts. Life insurance 
companies already use predictive information when 
testing for high blood pressure which predicts a high- 
er probability of heart disease and stroke. The detec- 
tion of hypertension leads to uprating of insurance 
premiums or to complete rejection of the applicant 
and is currently generally accepted as a probabilistic 
indicator of shortened life expectancy. 
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Apart from occupational and insurance problems 
there are many psychological, existential, and social 
issues that arise with genetic risk assessment [2]. 
There is general agreement that genetic tests which 
diagnose treatable and preventable medical condi- 
tions should be widely offered, followed by treatment 
of those who require it (including children if the ap- 
propriate medical intervention needs to be carried 
out early in life). Specific and sensitive tests are re- 
quired before recommending wide population 
screening. Often, particularly with common diseases 
of complex inheritance, the tests are probabilistic 
and not definitive. Commercial pressures often en- 
courage the use of tests before they have been suffi- 
ciently assessed in pilot studies. Academic scientists, 
who counsel caution, may be accused of “dragging 
their feet” at the expense of the health of those at 
risk. Government agencies and professional organiza- 
tions need to cooperate in drafting enforceable criter- 
ia as to when a test is to be released to the public, and 
how quality control is to be carried out [2]. 

Our rapidly expanding knowledge often allows diag- 
nosis of a genetic disease (or genetic susceptibility) 
before therapeutic or preventive measures are avail- 
able. Under such conditions some persons wish to 
know their status so as to order their lives, while oth- 
ers would rather prefer to remain ignorant. The deci- 
sion of whether to undergo testing should be left en- 
tirely up to the individual. Many observers feel that 
parents should not have the right to order predictive 
tests of their under-age children who are at risk for 
a nontreatable or nonprevent able condition or dis- 
ease. There should be wide education of the medical 
profession to avoid the “technological imperative.” 
The mere fact that a test is available does not neces- 
sarily mean that it must be used. A ''genetic” test is 
different from the usual laboratory tests which are 
generally ordered without discussing them with the 
patient. Pregnant women rarely realize the full impli- 
cations when certain tests such as AFP screening is 
carried out on maternal blood to detect Down syn- 
drome and neural defects in their fetuses. New ways 
need to be developed for providing information 
about such tests and particularly about the conse- 
quences if the results are positive. 

In population testing for heterozygote traits (such as 
thalassemia), the screening of pregnant women (fol- 
lowed by further testing of the partner if the woman’s 
result is positive) is often logistically much simpler 
than large-scale premarital screening of young adults. 
When testing is not performed before pregnancy, 
prenatal diagnosis (and possibly selective abortion) 
is the only alternative to having an affected child if 
both partners are heterozygote carriers. Premarital 
screening programs allow several other reproductive 
options that do not require termination of pregnancy. 



such as avoidance of marriage with another carrier, 
artificial insemination by an artificial donor, contra- 
ception, and even sterilization. Nevertheless, reliance 
on prenatal diagnosis has found wide acceptance in 
many countries for diseases such as thalassemia ma- 
jor and Tay- Sachs disease and is more practical and 
less cumbersome to carry out than screening before 
pregnancy. 

Most of the problems under discussion are solvable. It 
is likely, however, that the societal impact of genetics 
will assume major dimensions when we obtain in- 
creasing knowledge regarding the genetic basis of per- 
sonality, behavior, and cognition in health and dis- 
ease. Although monogenic mechanisms will only be 
rarely found, there is sufficient evidence from devel- 
opmental, family, adoption, and twin studies (see 
Chaps. 15; 16) that genes affect a wide variety of human 
behavioral traits and psychiatric diseases. Consider- 
able scientific work in behavioral genetics needs to 
be carried out to identify the underlying genes and to 
elaborate their interaction with various developmental 
and environmental factors. Since major and serious 
misuse could occur with premature application of 
such knowledge, particular attention must be paid to 
monitoring the applications of behavioral genetics. 

A pervasive thread in all areas is the problem of pri- 
vacy and confidentiality of genetic data. Modern 
computer technology has made it extremely difficult 
to keep any public or medical data confidential. The 
expansion of information and advances in informa- 
tion technology will require that we establish better 
ways of dealing with the confidentiality of genetic in- 
formation. 



Conclusions 

Scientific knowledge in human genetics can be used 
for genetic counseling of families in which an in- 
creased risk for hereditary anomalies and diseases in 
future children is suspected. Genetic counseling re- 
fers to the totality of activities that (a) establish the 
diagnosis of such diseases, (b) assess the recurrence 
risk, (c) communicate to the client and family the 
chance of recurrence, and (d) provide information 
regarding the many problems raised by the disease, 
including natural history and variability of the dis- 
ease. Formal methods applied in risk assessment in- 
clude the use of genetic ratios, statistical considera- 
tions, and empirically derived risk factors if the 
mode of inheritance is unknown. Laboratory tech- 
niques involve prenatal diagnosis by ultrasonogra- 
phy, amniocentesis, and chorionic villus sampling 
and the diagnostic application of techniques from 
molecular biology. In populations with high risk for 
certain diseases, screening for such diseases has often 
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been successful. Genetic counseling is not concerned 
merely with scientific questions. It must provide 
sympathetic counsel and deal with the many psycho- 
logical aspects of the process. Genetic counseling is 
an important part of comprehensive medical care. 
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He who knows where to halt is not in danger. 

From a Japanese screen by Nukina Kioku 
(1778-1863) 



19.1 Genetic Manipulation 

Human beings have been manipulating the genes of 
plants and animals by means of domestication for 
several thousand years. The development of agricul- 
ture is thus itself a form of genetic engineering. The 
breeding of different types of dogs is another exam- 
ple of manipulating genes affecting behavior [17]. 

We are constantly and increasingly manipulating the 
genetic constitution of the human species indirectly, 
by altering the human environment and by treating 
diseases that have genetic determinants. Both therapy 
and public health measures affect the human gene 
pool by preserving harmful genes that in the absence 
of these measures would be eliminated. For example, 
it is very likely that genes involved in the predisposi- 
tion to various infections will increase in frequency 
because of the wide use of antibiotics during the 
past two generations. Previously such genes disap- 
peared with the death of the affected patients. An- 
other example: Since marital partners tend to resem- 
ble each other in intelligence due to assortative mat- 
ing, the distribution of genes affecting intelligence 
(see Sect. 15.2.1.3 for evidence of the existence of such 
genes) tends to concentrate a larger share of high-in- 
telligence genes among the offspring of gifted cou- 
ples. 

However, as soon as the topic of genetic manipulation 
is raised, the public usually imagines something quite 
different, such as the creation of human beings in the 
laboratory by genetic specifications and similar bi- 
zarre scenarios. Such speculations have been voiced 
occasionally ever since the foundation of modern ge- 
netics. However, they have found a quasigenetic basis 
only since the Watson-Crick model of DNA inaugu- 
rated a new era in genetic research. 

In the early 1960s, several symposia became impor- 
tant as prototypes of these discussions. The most no- 
table was the symposium Man and His Future in 
1963, in which a number of prominent scientists dis- 
cussed the prospects of genetic manipulation without 
restraint. The rapid developments in molecular biolo- 
gy over recent years have again led to many discus- 
sions regarding genetic engineering. There is a great 



deal of concern among the public about “mad scien- 
tists” and their “tampering” with the human gene 
pool to modify human characteristics. Since the ge- 
netic determination of complex human traits such as 
personality, intelligence, and stature remains poorly 
understood and is affected by many genes, such traits 
can not be manipulated in the foreseeable future. 

It may be useful to subdivide the proposed methods 
of genetic manipulation into two groups: (a) the 
more conservative steps that make use of well-estab- 
lished biological principles and methods that require 
only some technical improvements, and (b) the more 
revolutionary approaches requiring major break- 
throughs in molecular biology. 

''Conservative” Approach: Germinal Choice and Artifi- 
cial Insemination [33]. H.J. Muller was the main pro- 
moter of germinal choice. He repeatedly encouraged 
prospective parents not to rely solely on their own 
germ cells but to choose freely from the germ cells 
of many individuals, selecting the future phenotypes 
of their children by knowledge about the personality 
and achievements of the individuals from whom the 
germ cells would be taken. According to Muller, 

[A] choice is not a real one unless it is a multiple choice, one 
carried out with maximum foreknowledge of the possibilities 
entailed and hampered as little as possible by irrational re- 
strictions. . . . Moreover . . the final decision regarding the 
selection to be made should be the prerogative of the couple 
concerned. These conditions can be fulfilled only after plenti- 
ful banks of germinal material have been established, repre- 
senting those who have proved to be most outstanding in re- 
gard to valuable characteristics of mind, heart and body .... 
Catalogued records should be maintained, giving the results 
of diverse physical and mental tests and observations of all 
the donors, together with relevant facts about their lives, 
and about their relatives .... The germinal material used 
should preferably have been preserved for at least twenty 
years . . . [obviously because the performance of a donor can 
only be finally assessed after this time]. Such an undertaking 
by a couple would assume the character of an eminently mor- 
al act, a social service that was in itself rewarding .... 

From a technical point of view this proposal can al- 
ready be carried out now; storage of human sperm 
is possible. In fact, artificial insemination with stored 



734 Genetic Manipulations and the Biological Future of the Human Species 



sperm is being used on a large scale in cattle breed- 
ing. In humans, artificial insemination - albeit in 
most cases with fresh semen obtained from healthy 
donors - is carried out fairly extensively in women 
who cannot conceive because of their husbands’ 
sterility. Genetic investigation of the donor is usually 
not performed by physicians involved in artifical in- 
semination. However, with increasing attention to 
human and medical genetics, guidelines for genetic 
screening of artificial insemination donors have 
been published and are being implemented in some 
centers. Such genetic screening is based largely on a 
careful family history questionnaire. Chromosome 
testing is not usually performed, and heterozygote 
testing is reserved for high-frequency traits in certain 
ethnic groups (e. g., Tay-Sachs screening in Ashkenazi 
Jews; sickle cell testing in African-Americans). While 
there are few problems with defining rejection crite- 
ria for a family history of clearcut monogenic dis- 
eases, it is more difficult to establish such criteria 
for the more common multifactorial and polygenic 
diseases. 

Sperm banks have been established in some metropo- 
litan areas of the United States, particularly for de- 
positing the sperm of men who undergo vasectomy 
but want to ensure the possibility of having a child 
in case they change their minds. Such sperm banks 
are also useful for allowing future offspring to men 
with neoplastic diseases who undergo treatment 
with high doses of cytostatic agents or irradiation 
and will be sterile or genetically damaged following 
such treatments. A sperm bank in California solicited 
sperm samples from proven high achievers in the 
natural sciences (such as Nobel Prize winners and 
those of similar distinction) for artificial insemina- 
tion of self-selected women volunteers, and several 
babies have been born. Based on the heritability of 
intelligence (see Sect. 15.2.1.3) it is hoped that the do- 
nors’ children will have an increased likelihood of in- 
tellectual distinction - a reasonable premise. It is, of 
course, highly unlikely that such a child will have 
the exact genetic and environmental determinants 
which made the father an exceptionally creative per- 
son. This sperm bank has rightly received consider- 
able unfavorable publicity in the media. A commer- 
cial sperm bank in the United States circulates to 
physicians a listing of the ethnic backgrounds and 
social and professional characteristics of the potential 
donors available for selection by couples. The desired 
sperm sample is then shipped to the physician of the 
infertile couple for insemination. 

Artificial inovulation is also possible. Oocytes are 
gathered from human ovaries during laparoscopy 
and fertilized in vitro. Extensive efforts in recent 
years have led to successful in vitro fertilization of 
human eggs [36], many such babies have in the mean- 




Fig. 19.1. Human oocyte after fertilization in vitro and culti- 
vation in Ham's Fio medium. (From Edwards and Fowler 

1970 [13]) 



time been born. Multiple eggs are collected by laparo- 
scopy following medicinal and hormonal stimulation 
of the ovary and are fertilized with the husband’s 
sperm in vitro. After several cell divisions have occur- 
red, several eggs are placed in the uterus in the hope 
that at least one fertilized egg will implant and grow 
to maturity. Other fertilized eggs are frozen for possi- 
ble use in the future. A great number of clinics in dif- 
ferent parts of the world now offer this technique to 
couples of which the female partner is infertile. 

This technique opens up the possibility of in vitro 
fertilization of sperms and eggs from any human 
source. Some pregnancies under such a scheme have 
been carried by “surrogate” mothers rather than by 
the biological mothers. There has been concern about 
such practices and their possible abuse as well as 
about the legal status of frozen fertilized eggs, their 
use, and their disposal. Some observers have criti- 
cized the practice of implanting multiple zygotes 
into one uterus, a practice meant to ensure a reason- 
ably high rate of sucess since at present each single 
zygote runs a high risk of early death. This practice 
has led to a relatively high incidence of multiple 
births, with additional risks to the children 
(Sect. 6.3). Human reproduction can now be manipu- 
lated in many ways at different levels. It is hard to 
predict how this will influence the attitudes of future 
generations. 

Are Large-Scale Attempts at Breeding Human Beings 
by Such Methods Inevitable? It was Muller’s intention 
not only to prevent rare hereditary diseases by occa- 
sional artificial insemination but also to improve hu- 
man quality by large-scale selective breeding. Are 
such attempts inevitable in the future? And would 
they be successful? 
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We cannot imagine that selective breeding will ever 
become popular in an open democratic society. It 
will probably remain restricted to a small minority 
of the population. It has been suggested that a dicta- 
torship might set out to breed nuclear physicists, for 
example, by using the sperm of Nobel prize winners 
in this field. It is likely that many children produced 
in this way would perform above average in the scien- 
ces and some might even be outstanding if provided 
the appropriate environment. Still, the danger of 
such a scheme being attempted is relatively small. 
Even dictatorships usually have more immediate con- 
cerns; they will probably not invest their - necessari- 
ly limited - resources in such an undertaking that 
would not yield results for a least 20-30 years. 

Molecular Biology and Speculations on Genetic Ma- 
nipulation. Speculations regarding possible future 
methods of genetic engineering are based on the fol- 
lowing results of molecular biology: 

a) The mutagenic activity of certain chemicals 
(Chap. 11) may be used to induce specific muta- 
tions at well-defined gene loci. 

b) DNA can be incorporated by extrasexual means 
(transformation or transduction) - not only in 
micro-organisms, where this phenomenon was 
discovered, but in eukaryotes, as well, including 
human beings. 

c) Defective genes may be replaced by a variety of 
techniques. 

d) Artifically synthesized genes may be included into 
the human genome. 

Induction of Specific Mutations. In the majority of 
gene mutations one base of the DNA sequence is re- 
placed by another base. Such nucleotide substitution 
may lead to an amino acid replacement in a specific 
protein that then becomes functionally inadequate. 
Some chemical mutagens, on the other hand, selec- 
tively attack specific bases and induce such point mu- 
tations. Only a few years ago any attempt to attack 
single specific sites by a mutagen seemed doomed to 
failure by the sheer size of the problem; far too 
many identical sites are present in the human gen- 
ome. More recently, however, methods of targeted 
mutagenesis have become available [47]. Hence the 
problem of localized mutagenesis is now accessible 
in principle, even if the practical problems are still 
formidable. 

Gene Transfer and Expression in Eukaryotes. Two 
principal methods are known for introducing foreign 
genetic material into a micro-organism. In transfor- 
mation pure DNA may, under insufficiently defined 
conditions, enter a microbial cell and be integrated 



into the genetic material. In transduction a bacterio- 
phage incorporates a particle of the bacterial gen- 
ome. When the virus is released from the host and 
infects another bacterium, the bacterial material car- 
ried by the virus is transferred to the new host, where 
it becomes genetically active. Transformation experi- 
ments have played an important role in the history 
of genetics, for example, they established that DNA 
is the genetically active material (Avery et al. 1944; 
see [47]). 

In eukaryotes, the transformation and transduction 
of DNA and also expression of transferred genes 
have repeatedly been reported. Early examples were 
plants and cultured animal cells. Prokaryotic gene ex- 
pression in eukaryotic cells has been achieved in an 
increasing number of instances, with the prokaryotic 
DNA coming in most cases from viruses but some- 
times from bacteria. A famous example was the 
transfer of the galactose operon of E. coli to human 
fibroblasts in 1971 [27]. In humans galactose is meta- 
bolized via the same pathway as in E. coli and defi- 
ciency mutants for the three enzymes involved are 
known. The most common is galactosemia (230400), 
a defect of P-gal-uridyltransferase. Incubation of 
such cells in vitro with X phages carrying E. coli Gal 
operon led to transferase production in these cells. 
Replication of this result in the years thereafter 
proved difficult, and progress was slow. However, the 
subsequent introduction of new DNA techniques 
(Chap. 3) brought much faster progress, and the prac- 
tical application of gene transfer for somatic gene 
therapy now appears to be within our reach. 

Four methods are available for transferring cloned 
genes into such cells: (a) viral (RNA or retroviruses 
and DNA viruses, for example; adenoviruses), 
(b) chemically mediated, for example, with calcium 
phosphate; (c) fusion of DNA-loaded liposomes, red 
blood cell ghosts, or protoplasts to cells; and (d) phy- 
sical (microinjection or electroporation). Fusion 
techniques are currently under development. DNA 
microinjection has been used for many experiments 
in developmental biology of other vertebrates [42], 
but the amount of material to be injected is normally 
very large and is difficult to control. Retrovirus vec- 
tors have been used in the first therapeutic trials in 
humans. Up to 100 % of the target cells can be infect- 
ed, and the DNA can integrate as a single copy at a 
single (albeit random) site. Moreover, the structure 
of the inserted DNA sequence is known. Figure 19.2 
shows the principle of this system, and Fig. 19.3 
shows the experimental approach in the mouse. A 
protocol in which the normal gene would not simply 
be inserted at random but would replace the mutant 
gene by recombination would be preferable; certain 
concrete ideas on this problem exist [43]. Some trans- 
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fer experiments in animals have been successful. A 
functioning gene for neomycin resistance was intro- 
duced into hematopoietic cells of adult mice [48], 
and the human gene for the enzyme hypoxanthine- 
guanine phosphoribosyltransferase (HPRT; see 
Sect.7.2.2.6.) was transferred and brought to expres- 
sion in a HPRT-deficient cell line [29]. 

Safety. Before any attempts in humans can be underta- 
ken, very strict requirements regarding safety need to 
be met. Human oncogenes (Sect. 10.4.2) are in part 
structure-homologous with retroviruses. There must 
be safeguards against the production of malignancies 
by infection with such a virus that might have been 
modified, for example, by recombination. Risks are 
also imaginable for other delivery systems. Experi- 
ments at several levels - human bone marrow in vitro, 
mice and monkeys in vivo - will help to eliminate such 
risks as far as possible. In very severe and so far un- 
treatable diseases, the requirements for patient safety 
are less stringent than those in milder diseases or in 
diseases for which other therapies are available. The 
situation thus differs little from that encountered in 
other, more traditional fields of medical therapy [15]. 



19.2 Human Gene Therapy 

[ 2 , 3, 10, 16, 18a, 34a] 

Advancing knowledge of molecular genetics has led 
to the development of techniques allowing the trans- 
fer of genes into mammalian cells. Since such approa- 
ches theoretically permit the correction of genetic de- 
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fects, a great deal of experimental work is being done, 
and an increasing number of human studies are un- 
derway. By the end of 1995 over 100 different proto- 
cols for human gene therapy were under active study, 
and over 400 patients had been “treated” [34 a]. Since 
most of these studies investigate the feasibility and 
safety of this approach, few definitive results of suc- 
cessful treatments in humans have been reported. 
While the public media have been responsible for ex- 
aggerated hopes, the field does have a solid scientific 
basis and offers much promise for the future. 

Somatic Gene Therapy. Two types of gene therapy 
must be carefully distinguished: somatic and germi- 
nal gene therapy. Somatic gene therapy refers to 
gene transfer into somatic cells, with the attempt to 
cure or partially improve defective function caused 
by a mutationally altered gene. Gene therapy is a so- 
phisticated approach to medical treatment that has 
similarities to organ transplantation. Instead of giv- 
ing the patient a healthy organ, a small segment of 
normal DNA is the therapeutic agent. As with all no- 
vel therapies, rigorous safeguards are necessary to 
protect patients against possible deleterious effects 
of gene therapy (see above). The aim of gene thera- 
pies does not differ conceptually from that of other 
medical therapies and therefore presents no new ethi- 
cal problems [32]. Gene therapy is directed at somatic 
tissues and affects only the patient who is being treat- 
ed. Since germ cell DNA is not affected, successfully 
treated patients with genetic diseases, although heal- 
thy, would continue to transmit mutant genes to their 
offspring in Mendelian proportions. All current hu- 
man gene therapy involves somatic gene manipula- 
tion. 

Germinal Gene Therapy [49]. The aim of germinal 
gene therapy, in contrast, is to modify mutant genes 
in the germ line by DNA modification of sperm or 
eggs or their precursors before fertilization or in ear- 
ly embryonic development. If successful, somatic tis- 
sues of the treated organism would also be normal- 
ized. Germ line therapy by replacing the germ line 
mutation with a normal gene would prevent trans- 
mission of genetic disease to future generations, 
thereby reducing the frequency of the disease. Al- 
though germ line modification has been successful 
in animals, most observers consider germ line ma- 
nipulation to be inappropriate in humans since the 
procedure cannot be deemed safe with current meth- 
ods. Even if safety could be assured, however, ger- 
minal gene therapy is widely condemned on ethical 
grounds. There is worry that the technique might be 
used for enhancement, such as altering stature or 
skin color, influencing intelligence, etc., rather than 
for treatment of genetic disease. The introduction of 



germ line manipulation would be a revolutionary 
step for the human species because it alters genes di- 
rectly and permanently, thereby affecting future gen- 
erations and human evolution. Much more needs to 
be known about human genetics before such a step 
can be undertaken. Most importantly, before ever 
considering germ line manipulations, human society 
must determine how and by whom decisions regard- 
ing germinal gene therapy are to be made. 

Medical indications for germ line therapy are rare; 
they include couples who want a normal child when 
both partners are affected by an identical recessive 
disease and all their offspring would be similarly af- 
fected. Much more frequently in recessive conditions 
both parents are heterozygotes, and only 25 % of their 
offspring inherit the homozygous disease. Such cou- 
ples can have normal children by prenatal diagnosis 
followed by selective abortion if the fetus is abnor- 
mal. For those who do not accept abortion, preim- 
plantation diagnosis of zygotes following in vitro fer- 
tilization of several eggs is increasingly possible. The 
relevant DNA can be obtained from a few cells of the 
fertilized zygotes and tested for the mutant gene by 
PGR techniques. A homozygous affected zygote un- 
der such circumstances would not be reimplanted 
into the uterus. Although already successful, the pro- 
cedure is much more complex than prenatal diagno- 
sis and is unlikely to be widely available. 

Some diseases affecting the brain cannot be treated 
by somatic gene therapy after birth because the Cen- 
tral Nervous System is already damaged. These in- 
clude Lesch-Nyhan syndrome, Tay-Sachs disease, 
and metachromatic leukodystrophy. Germ line ther- 
apy for prevention of such disorders has therefore 
been proposed as a possible future approach that in 
the opinion of sound observers should not be cate- 
gorically rejected [49]. 

Approaches to gene therapy. [6, 34, 34a] Successful 
gene therapy requires the safe transfer of a gene into 
the correct target cell, incorporation of the DNA into 
the cell nucleus, and expression of the gene’s product 
for a sufficiently long time to be effective. The proce- 
dure must be safe for the recipient. In some diseases 
the extent of gene expression would need to be regu- 
lated by cotransfer of the gene’s normal regulatory 
signals. This requirement is not necessary for many 
diseases, such as hemophilia and enzyme deficien- 
cies, where increased production of a missing gene 
product even in small amounts is sufficient to treat 
the disease successfully [6] (Sect.7.2.2.9). 

The initial and obvious candidates for gene therapy 
are monogenic diseases with absent or defective func- 
tion of a gene product, such as the various enzyme 
deficiencies. Before applying gene therapy to human 
diseases, extensive in vitro and in vivo animal experi- 
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mentation is required. Many gene transfer protocols 
remove cells from the body, carry out the required 
manipulation, and return the modified cells into the 
organism in which they and their cellular descen- 
dants are expected to function (ex vivo strategies). 
Methods that transfer appropriately treated DNA di- 
rectly into the body (in vivo strategies) are logistical- 
ly simpler and are being increasingly applied. These 
approaches requires only a single treatment if a nor- 
mal gene can be inserted into a stem cell followed by 
normal functioning of the descendant cells. 

Vectors. [1-3, 34] Viruses that carry DNA into cells 
have been most often used as the vectors for gene 
transfers; retroviruses have been most frequently em- 
ployed. They transduce dividing cells only but stably 
integrate into the host cell genome. These viruses 
are “disarmed” by removing the wild-type structural 
genes which are replaced by the therapeutic gene. 
Such engineered retroviral products are noninfec- 
tious. Since they provide a relatively low titer of viral 
particles, they are poor candidates for direct or in 
vivo gene transfers. Viral integration into chromo- 
somes is random and theoretically could produce ma- 
lignancies through insertional mutagenesis of onco- 
genic or tumor suppressor genes. 

Adenoviruses [20] may be more useful for in vivo 
gene therapy since they infect a large number of non- 
dividing postmitotic cells. Their effect, however, is 
transient and requires multiple administrations of 
the vector. Delivery of adenovirus to bronchial and 
liver cells appears feasible. Other types of viruses 
such as adeno-associated viruses, herpes simplex, 
and vaccinia viruses are also under study. 

A variety of nonviral systems have also been pro- 
posed for gene delivery. These include liposomes, 
DNA protein conjugates, and DNA protein- defective 
virus conjugates. Effective delivery of genes into 
cells remains a major problem with all techniques, 
and methods which do not use viruses would be 
ideal to avoid potential problems of viral toxicity. 
An optimal method might be one based on site-spe- 
cific homologous recombination where the mutant 
DNA region is replaced by the normal DNA se- 
quence. 

Although somatic gene therapy entails no special 
ethical problems, its emergence was considered so 
novel and different, that a special committee - the 
Recombinant DNA Committee - was established in 
the United States in the late 1980s. The approval of 
this committee is required for all human gene ther- 
apy under government sponsorship, such as by the 
National Institutes of Health. In practice almost all 
human gene therapy studies come before this com- 
mittee, which scrutinizes proposals for safety to pa- 
tients and the environment since potentially harmful 



viruses are frequently used. The underlying science 
is assessed to ensure that meaningful data are ob- 
tained. Problems of informed consent and strict ad- 
herence to the principles of ethical human experi- 
mentation are carefully considered. Similar commit- 
tees are active or are being established in other coun- 
tries. With the increasing number of human gene 
therapy protocols, only proposals that raise new 
scientific, ethical, or safety problems are now being 
considered by this committee in the United States. 
The Food and Drug Administration, however, re- 
quires that all gene therapy proposals come before it 
for permission to use genes and gene vectors. 

Indications for Gene Therapy: Monogenic Diseases. 
Many genetic diseases with known genetic defects 
are candidates for gene therapy. The molecular genet- 
ics of the hemoglobinopathies was understood before 
that of other diseases. Gene therapy for these diseases 
was therefore considered some time ago, but has not 
yet been able to be carried out because of the need 
for hemoglobin synthesis to be tightly regulated. 
Nevertheless, the hemoglobinopathies, which affect 
many thousands of patients all over the world, re- 
main important targets for gene therapy in the fu- 
ture. 

The very rare adenosine deaminase (ADA) deficiency 
- an autosomal-recessive trait (Sect.7.2.2.6) - was 
first selected for human trials (September 1990) 
[7 a]. ADA deficiency is associated with a severe im- 
mune defect that leads to childhood death from over- 
whelming infections. Initially, gene-corrected T lym- 
phocytes were administered periodically. Later, 
when enzyme therapy for this condition became 
available, ADA enzyme in polyethylene glycol (PEG) 
was administered simultaneously to these children, 
who remain without infections and are developing 
normally. In interpreting the role of gene therapy it 
is difficult to disentangle the importance of the exo- 
genous ADA enzyme from that of the genetically en- 
gineered cells [7 a]. Gene-treated stem cells have 
been administered to two other newborns with ADA 
deficiency who also require simultaneous enzyme 
therapy [2]. 

Five patients with homozygous familial hypercholes- 
terolemia (see Sect. 7.6.4) have been treated with ex 
vivo gene therapy. A large portion (20%-35%) of 
the liver was removed surgically, normal low-density 
lipoprotein (LDL) receptor genes were transferred 
into liver cell suspensions, were reinfused into the pa- 
tient’s liver via the portal vein. The results have not 
been impressive [18 a]. 

Many trials are being carried out in cystic fibrosis 
[14, 21, 41] (Sect.3.1.3.9). The normal membrane 
channel gene that is defective in this disease is trans- 
ferred into the respiratory tract (i. e., bronchi) by di- 



Human Gene Therapy 739 



rect installation using adenovirus as the vector. If this 
yet unsuccessful type of therapy becomes feasible, 
periodic treatments would be required. 

Based on favorable in vitro and animal experiments, 
enzyme therapy is soon to be initiated for Gaucher 
disease, Fanconi anemia, and a-antitrypsin deficien- 
cy (Sect. 6.2.4). Table 19.1 lists other conditions that 
are current targets for somatic gene therapy. 

Indications for Gene Therapy: Other Diseases. The use 
of gene therapy has been broadened to include a vari- 
ety of other diseases. In fact most human gene trials 
(about 60% in the United States) are currently not 
carried out on genetic diseases but on various types 
of cancer [2, 10]. As with gene therapy for genetic 
diseases, human experimentation for cancer gene 
therapy is in its early stages, and no successful results 
have yet been reported. The rationale for tumor cell 
suppression by gene therapy is wide ranging. Some 
strategies attempt to block oncogene expression by 
antisense techniques, while others insert a normal tu- 
mor-suppressor gene (p53) into cancer cells with de- 
fective p53 function - a common abnormality of hu- 
man cancers (Chap. 10). Another approach introduces 
genes that encode cytokines such as various interleu- 
kins into immune cells to enhance immune function 
for tumor suppression. A widely used experimental 
method places the thymidine kinase gene of the 



herpes simplex virus into cancer cells which makes 
such cells sensitive to the antiherpes drug ganciclovir. 
Another technique protects stem cells from the toxic 
affects of chemotherapy by introducing genes for 
multiple drug resistance. Other methods block the 
mechanisms by which new tumor cells evade immu- 
nological destruction or insert toxic genes to destroy 
tumor cells. Many problems must be overcome before 
any of these approaches can be used successfully in 
everyday medical practice. 

Gene therapy techniques are also being investigated 
for application to AIDS therapy [12]. The methods in- 
volve interference with HIV replication, induction of 
immune responses, and use of ribozymes as a RNA 
species with antisense sequences. Gene therapy is 
also being studied for the treatment of peripheral 
vascular disease by transferring angiogenic genes 
into occluded arteries to stimulate collateral circula- 
tion of blood vessels. Other approaches use modified 
growth factor genes to release anti-arteriosclerotic 
cytokines to prevent restenosis following angioplasty 
of occluded coronary arteries. Other applications, 
such as for neurological diseases [16] and rheumatoid 
arthritis are also underway. Critical assessment of the 
status of gene therapy in 1995 was carried out for the 
National Institutes of Health (United) States [34 a]. 
While the promise of gene therapy is very great, the 
current inadequacies of vectors and the difficulties 



Table 19.1. Human recessive diseases as candidates for gene replacement therapy (after Beaudet et al. 1995 [6]) 



Disorder 


Ahern at ive treatment 


Disease frequency 


Requirement for 
tissue specificity 


Adenosine deaminase and nucleo- 


Transplant, enzyme 


Very rare 


Bone marrow 


side phosphorylase deficiencies 


replacement; fair to good 






Gaucher disease 


Enzyme therapy: good 


1 in 3000 (Ashkenazi jews) 


Liver 


Cystic fibrosis 


Supportive: fair/poor 


1 in 2500 (whites) 
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with gene expression have limited the practical appli- 
cations of gene therapy. 

Impact. These developments indicate how basic sci- 
entific concepts initially aiming at the treatment of 
relatively rare genetic diseases have now penetrated 
into most fields of medicine. While gene therapy has 
attracted considerable attention and carries great ex- 
pectations, much additional work in the experimental 
laboratory and clinic such as the development of bet- 
ter vectors and improved gene expression will be re- 
quired before benefits are realized. The biotechnolo- 
gy and pharmaceutical industries are beginning to 
invest large resources into this field [ii]. Industry 
pays particular attention to common diseases such 
as cancers and others which command a large market 
and promise high profits. This illustrates the way in 
which market forces determine the direction of med- 
ical research; if successful, however, many patients af- 
fected with common diseases are likely to benefit. 
This raises a more general problem of modern medi- 
cine. At first glance, somatic gene therapy appears a 
promising concept with potential significance for a 
widening field of applications. However, many of the 
diseases that might be treated in this way are mono- 
genic - and most are rare. On the other hand, several 
hundred of such diseases are known, and with the pro- 
gress in human molecular genetics new ones are being 
discovered constantly. Moreover, even in common dis- 
eases of great social impact, rare subtypes are increas- 
ingly being delineated, and their molecular mechan- 
isms are analyzed (see Sect. 6.4). This is making medi- 
cal diagnosis much more difficult than it used to be. 
Moreover, somatic gene therapy together with other 
therapeutic approaches (Sect.7.2.2.9) will increasingly 
offer therapeutic chances that depend on specific diag- 
noses. Here, data banks and expert systems will help 
(see Appendix 3). However, such sophisticated - and 
therefore expensive - approaches are possible only in 
affluent societies such as those of western Europe, the 
United States, and Japan. And even here it is doubtful 
how much of their social product societies will be will- 
ing to spend for treatment of rare diseases. Health 
problems of populations in the rest of the world, such 
as in South America, southern and eastern Asia, and 
especially Africa, are quite different and much more 
urgent. HIV infectious there are becoming wide- 
spread, malaria is coming back due to drug resistance 
of Plasmodia, and deteriorating social conditions 
open the way for other - possibly novel - infections. 
In the face of such problems, how long will we be able 
to develop our highly sophisticated medicine, of 
which somatic gene therapy is likely to be a part? 

Public Reaction to New Achievements and Prospects of 
Molecular Biology. The achievements and, especially. 



the prospects of molecular biology have aroused 
strong reactions in the general public, especially 
among opinion leaders (theologians, philosophers, 
journalists). Biologists and medical geneticists have 
often been shocked by fierce attacks; they often feel 
that their benevolent intentions are sadly misinter- 
preted, and that an image has been created of the am- 
bitious and ruthless scientist who will soon start ma- 
nipulating human populations for sinister purposes 
unless stopped by an alert public. In this connection, 
however, we should not forget that scientists were 
among the first to “ring the alarm” when the possibi- 
lities for experimental recombination of DNA by re- 
striction endonucleases became apparent. Still more, 
these warnings were unduly alarming and could 
have been avoided had the protagonists acted in a 
more circumspect way. 

The basic scientists who were involved in early re- 
search with recombinant DNA became concerned 
about hypothetical dangers of the new scientific de- 
velopments that allowed splitting of genes at random, 
joining genes from different organisms across spe- 
cies, and using the ubiquitous E. coli organism for 
gene transfer. They called a conference to discuss po- 
tential dangers of the spread of uncontrollable infec- 
tions and cancer using these new methods [7]. No 
microbiologists or epidemiologists experienced in 
human infectious disease or in human cancer were 
consulted or invited to the widely publicized confer- 
ence. The public became greatly alarmed, and laws 
were rapidly passed in the United States to regulate 
work with the new techniques. It soon became clear, 
however, that the envisaged dangers were largely hy- 
pothetical. The organisms used were so enfeebled 
that the kind of epidemic infections feared could 
never be established. It was also soon realized that 
cross-species DNA transfers have occurred in nature 
for millenia. Using the newer experimental laboratory 
data and the experience of a century in clinical mi- 
crobiology and epidemiology, many informed and 
knowledgeable observers regarded the early fears as 
overblown. The initial turmoil regarding “recombi- 
nant DNA research” is an excellent example of failure 
of communication between molecular biologists who 
knew little about the realities of cancer and infectious 
disease and the relevant medical and biological scien- 
tific community. Nevertheless, a few eminent scien- 
tists continue to be worried about possible dangers 
of cross-species DNA transfers. 

Further Speculations on Gene Manipulation. Starting 
from the various results and prospects, a few biolo- 
gists have speculated on much more ambitious goals 
for gene manipulation: in their opinion, human 
beings with novel capacities should be created. If, 
for example, replacing the skin of the head or back 
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by tissue containing chlorophyll would give the indi- 
vidual the capacity for photosynthesis - this could 
be a possible partial solution to the problem of food 
shortage in an increasingly overpopulated world. 

Cloning of frogs has been achieved by introducing an 
intestinal frog cell nucleus into an enucleated frog 
egg. The genetic information of the nucleus was able 
under appropriate conditions to specify the normal 
development of a frog. Some scientists and the public 
have been fascinated by the possibility of cloning a hu- 
man being by analogous principles. Research work to- 
ward this end, however, is not being carried out to our 
knowledge and is strongly discouraged by the scienti- 
fic community. A science writer in 1978 claimed in a 
book that the cloning of a human being had already 
been achieved [40]. No proof was given, and the media 
were full of stories about the implications. It has been 
phantasized that the cloning of human beings would 
make it possible to duplicate outstanding and creative 
human beings such as Einstein or Mozart. However, it 
is obvious that the genetic material of an Einstein 
alone would not guarantee another Einstein. Others 
have suggested that dictatorships could clone groups 
of military scientists or brutal soldiers in the service 
of the state. If such a feat were ever to become possible, 
it is unlikely that a country would embark on such an 
undertaking. Since clones would take a generation to 
reach their full potential, politicians and statesmen 
would be more likely to look for more rapid ways of 
ensuring political and military success. 

Other scenarios have implied the creation of subhu- 
man creatures following fusion of cells with chromo- 
somes from human and subhuman primates and sub- 
sequent insertion of the hybrid nucleus into an enu- 
cleated egg. Such humanoids have been envisaged to 
carry out dull and repetitive tasks of no interest to 
normal humans. Again, although scientists are far 
from being able to carry out such schemes, these sce- 
narios have been strongly condemned. 

Along more “conventional” lines Lederberg [23] pro- 
posed manipulation of the Central Nervous System 
by as yet nonexistent chemical or growth factors to 
improve the efficiency of the human brain. Such 
schemes of course would not change the genetic ma- 
terial - a process that was termed “euphenics,” in 
contrast to eugenics. 

Brainstorming of this sort and discussion of “far-out” 
scenarios [19] are useful for recognizing novel possi- 
bilities for research. Perhaps more importantly they 
alert us as to potential abuses of science. It is unfor- 
tunate and dangerous for the public’s understanding 
of science that the media often leave the impression 
that these novel reproductive schemes have been ser- 
iously planned or are already being carried out by 
scientists [22]. 



The Need for a Dialogue on Ethical Issues. Many re- 
sults of molecular biology are already being applied 
in various branches of medical genetics, from cytoge- 
netic diagnosis to genetic counseling. Some of the 
more pretentious goals of some visionaries have 
been mentioned above, and their list could be extend- 
ed; it includes the creation of human beings accord- 
ing to genetic specifications, and increasing life 
span. Compared with our present-day knowledge of 
the molecular biology of higher organisms, and our 
ignorance of the genetics of much of the normal vari- 
ation in humans, many of these proposals are some- 
what analogous to the idea that a boy who has just 
been given his first electronic set for Christmas, 
could successfully improve on the latest generation 
of computers. One could also argue that even if the 
technical conditions for realizing a few of these phan- 
tasies do become available, their practical application 
will probably remain impossible for sociological rea- 
sons. 

However, the possibility of misuse on a much smaller 
scale cannot be entirely dismissed. We should there- 
fore be relieved by the fact that these problems are 
being widely discussed, even if much of the discus- 
sion is uninformed regarding the technical facts and 
concepts. As scientists we should enter the public 
dialogue wherever we regard this as meaningful and 
should attempt to enhance its standard of scientific 
and ethical sophistication. We can learn from the 
questions that are being asked and become more cri- 
tical toward our own goals. A continuing public dia- 
logue on ethical issues is necessary. Both authors of 
this book have been involved repeatedly in such dia- 
logues [4, 32, 37]. 



19.3 Biological Future of Mankind 

Human Evolution Is Not Finished [46]. Evolution of 
the human species is not confined to the past. The 
mechanisms that bring about changes in gene fre- 
quencies from one generation to the next are still in 
operation. Knowledge of these mechanisms should 
help to predict future trends in the genetic composi- 
tion of human populations. To understand such pre- 
dictions and to make proper use of them we should 
keep in mind the limitations that are inherent in all 
such attempts. 

a) We can extrapolate only from trends that are al- 
ready visible at present; human history, however, 
has often been shaped by unpredicted events. 
This is also true for the biological history of our 
species, which is now inextricably intertwined 
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with cultural, social, and political history as well 
as with the future development of human biology 
and medicine with the potential to actively influ- 
ence the future evolution of mankind. 

b) It is well-documented that the visible signs of re- 
volutionary future scientific developments, which 
will be easily recognized in retrospect, are often 
not clear to contemporary scientists. It would be 
presumptuous of the present authors to claim an 
exception. Future colleagues may cite this book 
as an example of how important trends have 
been overlooked. 

c) All predictions made here assume that modern ci- 
vilization will continue to exist, and that modern 
society’s concern for health and medicine will 
maintain its prominent position. In this context 
we assume that preventive medicine will continue 
to gain in importance. 

If we assume that attitudes toward these problems 
will be increasingly rational, there is little doubt that 
concepts of human and medical genetics will find 
ever-growing application. One could argue that this 
assumption is unrealistically optimistic, as it presup- 
poses that human societies will learn to keep their so- 
cial and technological structures from destruction. It 
is by no means impossible that a large proportion of 
the human species will sooner or later be doomed to 
destruction by an atomic holocaust. We are also in- 
tensely aware that many of the concerns expressed 
here have a much lower priority in developing coun- 
tries where the problems of overpopulation, under- 
nutrition, and infectious disease are much more im- 
mediate problems needing solution [46 a]. 

The following extrapolations are thus subject to the 
conditions of human survival and continuance of so- 
cial progress. 

Major Forces Determining Evolution. The principal 
mechanisms that determine evolution are discussed 
in Chaps. 12 and 13; their effect on the development 
of present-day human populations is covered in 
Chap. 14. What can be predicted for the future? 

Genetic Drift. Chance fluctuations of gene frequencies 
may lead to appreciable genetic differences between 
subpopulations, provided that these populations are 
isolated from each other, thus keeping gene flow be- 
tween them very low. This effect becomes stronger 
with smaller size of a breeding population and even 
leads to lessened variability due to random loss of al- 
leles at a predictable proportion of loci (Chaps. 12, 13, 

14). 

In present human populations we are observing a 
strong overall tendency toward breaking down of iso- 
lates and increasing intermarriage between different 



populations. There is no reason to assume that this 
trend will reverse in the foreseeable future, and that 
new isolates of small size will form. Therefore chance 
fluctuations, in contrast to their indisputable impor- 
tance for human evolution in the past, will become 
less significant in the future. If this trend in the hu- 
man breeding structure persists, new human species 
will not develop since speciation always requires re- 
productive isolation of a population subgroup 
(Sect. 14.2). The creation of a humanlike new species 
is sometimes discussed by science fiction writers. 
Currently existing genetic variability coupled with se- 
lective breeding of humans could not lead to such a 
new species. One would have to create novel genetic 
combinations by presently nonexistent techniques 
and enforce selective breeding. These possibilities 
are therefore extremely remote. For future shifts of 
gene frequencies within the species, two factors caus- 
ing systematic changes in gene and genotype fre- 
quencies remain: mutation and selection. 

Mutation. Our current knowledge regarding sponta- 
neous and induced mutations is discussed in 
Chaps. 9; 11, and the problem of a genetic load due 
to mutations is reviewed in Sect. 13.1.2. We can safely 
assume that practically all chromosome aberrations 
and many gene mutations are unfavorable for both 
the individual and the population. Most chromosome 
aberrations kill the zygote during embryonic devel- 
opment; a minority survive until birth or still longer, 
but affected patients suffer from severe malforma- 
tions. Gene mutations often lead to inherited diseases 
with simple modes of inheritance or to defects in 
multifactorial genetic systems. However, a large pro- 
portion of point mutations leads to changes in amino 
acid sequences of proteins that cause no apparent 
functional deficiency, as indicated by many hemoglo- 
bin variants (Sect. 7.3). When considered in terms of 
all mutations, the proportion that are advantageous 
constitute at best a small minority. 

The combined evidence justifies the conclusion that 
an enhanced overall mutation rate would be unfavor- 
able. The extent of the impact of various mutations 
on health is discussed in Chap. 11 and suggests sur- 
prising differences depending on mutational mechan- 
isms and phenotypic manifestation. 

Trends in Spontaneous Mutation Rates: Chromosome 
Mutations. The rates of numerical chromosome mu- 
tations increase with the age of the mother. Therefore 
changes in maternal age lead to a corresponding al- 
teration in the overall incidence of such chromosome 
mutations. In many modern populations there is a 
trend toward a decrease in the number of children 
per family and a concentration of childbirths within 
the age groups with the lowest risk: women in their 
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20s. It has been calculated that in Western countries 
and Japan this trend should reduce the number of 
children with Down syndrome by about 25%-40% 
[26, 39, 45]. Will this trend continue? Some more re- 
cent figures show that the tendency of many modern 
women to postpone childbearing to a somewhat 
higher age could easily lead to a reversion of this 
trend [9]. 

On the other hand, prenatal diagnosis (Sect. 18.1) is 
most efficient for the early recognition of chromo- 
some abnormalities. Many countries offer this diag- 
nostic possibility to all women over the age of 35. If 
all pregnant women aged over 35 would use this pro- 
cedure, one could expect a significant reduction in 
Down syndrome, depending on the age distribution 
of mothers [30]. 

Gene Mutations. The mutation rate for many gene 
mutations increases with the age of the father 
(Sect. 9.3.3). Therefore any trend in the age distribu- 
tion of fathers influences the mutation rate accord- 
ingly [31]. The paternal age effect on dominant and 
X-linked mutation rates is smaller than the effect of 
maternal age on incidence of numerical chromoso- 
mal anomalies. The total medical impact of the pater- 
nal age effect is probably low, and the actual absolute 
risk of an older father to having a child affected with 
a dominant mutation is quite small although the rela- 
tive risk compared with that among younger fathers 
is substantial (threefold for fathers aged about 40) 
(See Sect. 9.3.3). 

Ionizing Radiation and Chemical Mutagens. It is 
shown in Sect. 11.1.5 that any conceivable increase in 
radiation exposure probably enhances the mutation 
rate by a small percentage. In view of the fluctuation 
of the “spontaneous” mutation rate, due, for example, 
to changing age distributions of parents, any increase 
due to radiation is recognizable only with refined epi- 
demiological techniques. Still, the effect does exist. 
Therefore one of the major goals of preventive medi- 
cine in the future will be to keep irradiation as low 
as possible. At present the main source of radiation 
exposure is diagnostic medicine; here the improve- 
ment in technology can have a substantial impact. 
As for occupational and general background irradia- 
tion, it can only be hoped that technology for pro- 
ducing the world’s long-term energy demands by 
sources other than nuclear energy will be improved 
in the future so that nuclear energy can be deempha- 
sized in the long run. 

Too little is known regarding the exposure of our 
population to chemical mutagens (Sect. 11.2) to ven- 
ture any predictions. However, we shall probably 
have to live with a certain number of chemically in- 
duced mutations, as human society will probably 



not be prepared to forego the immediate advantages 
of some chemicals in exchange for long-term avoid- 
ance of small and undefined genetic damage. Cur- 
rent, often excessive reactions to possible health 
dangers of chemicals can, we hope, be replaced by 
more appropriate responses once we have learned 
more about chemical mutagenesis and carcinogen- 
esis. 

In conclusion, a certain, presumably small increase 
of the natural mutation rate will have to be faced. 
This increase will lead to a corresponding increase 
in numeric and structural chromosome aberrations 
and dominant or X-linked hereditary disease 
(Sect. 11.2). Whether this increase will be offset by a 
decrease due to a shifting parental age distribution 
cannot be predicted. Since cancer is often caused by 
somatic mutations (possibly sometimes induced by 
environmental agents Chaps. 10; 11), increases in 
neoplastic diseases are possible. The decrease in the 
frequency of gastric cancer for unknown causes and 
the anticipated decline in lung cancer with lower lev- 
els of cigarette smoking indicate that overall benefi- 
cial trends may compensate for certain unfavorable 
trends. 

Selection: Dominant and X-Linked Diseases. It is a 
widespread contention that natural selection has re- 
laxed due to modern medicine. This statement, how- 
ever, is only partially true. No therapy has succeeded, 
for example, in preventing miscarriages caused by 
chromosome aberrations. Patients with Down or Kli- 
nefelter syndrome still do not reproduce. Natural se- 
lection has not changed for these conditions. 
Selection did relax for some pathological traits with 
autosomal-dominant or X-linked recessive modes of 
inheritance. These are genetic diseases that have 
been maintained so far by genetic equilibrium be- 
tween mutation and selection. An example is hemo- 
philia A, for which substitution therapy with factor 
VIII now enables patients to lead an almost normal 
life. Life expectancy and the chance to have children 
is vastly improved. For such conditions an appreci- 
able increase in incidence within only a few genera- 
tions can be predicted quantitatively when the pre- 
sent frequency, the selection coefficients before and 
after selection relaxation, and the mode of inheri- 
tance are known; for retinoblastoma [44], such a cal- 
culation is presented in Sect. 12.2.1.2 (Fig. 12.10). 

There are many other dominant and X-linked condi- 
tions, however, for which no satisfactory therapy is 
available, and natural selection still acts with full 
strength. Examples include neurofibromatosis, tuber- 
ous sclerosis, and Duchenne type muscular dystro- 
phy. 

The future will undoubtedly bring therapeutic pro- 
gress for these diseases as well, which will lead to se- 
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lection relaxation. On the other hand, the entire 
group of dominant diseases is an easy “target” for ge- 
netic counseling, and X-linked conditions can often 
be avoided by prenatal diagnosis. We therefore have 
reason to hope that a growing proportion of patients 
affected with such disorders will voluntarily refrain 
from transmitting such genes to the succeeding gen- 
eration. Under such circumstances, artificial selection 
will replace natural selection, and keep population in- 
cidence of a given disease close to the mutation rate. 

Figure 19.4 illustrates this trend in a more anecdotal way: a 
man in the grandparents’ generation who was blind due to 
congenital cataract had seven living children, four of whom 
were affected and blind. All four were married to spouses 
who were blind for other reasons, demonstrating assortative 
mating. It is remarkable, however, that three of these couples 
voluntarily - and without genetic counseling - refrained from 
having children. The fourth couple had only one son, who 
asked for genetic counseling even before marriage. The muta- 
tion that had multiplied no less than fourfold at a time when 
contraceptive measures were not yet in general use was ap- 
parently wiped out within two more generations by the 
voluntary decision of its carriers. Every medical geneticist 
with experience in genetic counseling knows of such exam- 
ples. 

Natural Selection: Recessive Diseases. The most strik- 
ing success in therapy of genetic diseases has been 
achieved in recessive enzyme defects (Sect. 7.2.2./). 
Treatment allows individuals affected by some of 
these diseases to grow up healthy and able to have 
children. Moreover, it can be predicted that if gene 



therapy is successful in the foreseeable future, it will 
be so for some of these enzyme defects. However, re- 
production of abnormal homozygotes leads only to a 
very slow increase in gene frequency (Sect. 12.2.1.2), 
which gives little cause for concern. 

Still, an increase in the genes for recessive diseases 
must be anticipated for another reason: at present 
most populations are not in equilibrium for recessive 
genes. A breakdown of isolates and the steep decrease 
in the number of consanguineous marriages have cre- 
ated a situation in which the overall number of 
homozygotes is far below the expected equilibrium 
value. In the absence of other factors such as changes 
in known selective advantages of heterozygotes this 
trend should lead to a slow increase in homozygotes 
over hundreds of future generations (Sect. 12.3.1.2). 
Since 100 generations correspond to about 2500- 
3000 years, such an increase need not worry us now. 
Living conditions are likely to change in an entirely 
unpredictable manner over such a long time peri- 
od. 

In conclusion, we expect a very slow increase in the 
incidence of recessive diseases above their present 
frequency in randomly mating populations of the in- 
dustrialized countries of Europe and the United 
States. However, this prediction does not take into ac- 
count artificial selection by genetic counseling, pre- 
natal diagnosis, and possibly screening programs for 
heterozygotes. If prenatal diagnosis becomes a more 
routine procedure, the most frequent recessive disea- 
ses, for example, the /3 thalassemias in Mediterranean 
and southeastern Asian populations and cystic fibro- 
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Fig. 19.4. Pedigree with congenital cataract, demonstrating 
assortative mating for blindness of different causes, and 
voluntary restriction of reproduction in these marriages. 
The grandfather of the family was blind due to congenital 



cataract; nevertheless he had nine children; four were also 
blind. All are married to blind persons (assortative mating). 
Only one of these couples had one single son, who being 
blind, asked for genetic counseling (Observation F. V.) 
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sis among northwestern European and North Ameri- 
can whites, are likely to be included. The rarer defects 
are unlikely to be screened. 

Considering together all the evidence for genetically 
well-defined abnormalities, such as chromosome 
aberrations, dominant, X-linked diseases, and auto- 
somal-recessive diseases together, we can predict fair- 
ly safely that modern civilization will not bring about 
a large increase in the incidence of these abnormal- 
ities. Whether there is a small and very gradual in- 
crease, whether the overall incidence stays more or 
less at its present rate, or whether even a decrease oc- 
curs depends largely on many developments in our 
society. Can we expect success in keeping population 
exposure to mutagenic agents within reasonable lim- 
its, as explained above? How effectively will artificial 
selection through genetic counseling and prenatal di- 
agnosis reduce genetic damage? And, to mention an- 
other, increasingly important point, how long will so- 
ciety be prepared to pay for the relative “luxury” of 
working out schemes for preventing and treating 
rare diseases? We cannot make any accurate predic- 
tions at this time. 

Gradual Loss of Functions That Are Now Being Main- 
tained by Multifactorial Genetic Systems. Apart from 
the well-defined genetic defects discussed above, 
there is also genetic variability within the population 
for functional systems that depend on a complex but 
ordered interplay of various genes during embryonic 
development. Examples include the heart, eyes, and 
immune system. During evolution these systems 
have developed under constant and intensive selec- 
tion pressure. As soon as this selection pressure 
abates, mutations accumulate that lead to small func- 
tional infirmities, and over very long evolutionary 
periods these systems slowly but inevitably “fall 
apart.” Among animals the best known examples are 
found in species that have lived for many generations 
in the absolute darkness of caves or at great oceanic 
depths where an intact visual system brings no selec- 
tive advantage. Typically, the variability of the eyes 
first increases, individuals with small defects becom- 
ing more frequent. Later most animals have more or 
less severely defective eyes, and finally an eye-less 
species results. In a civilized society, minor defects 
of the visual system fail to carry any selective disad- 
vantage. This trend has already led to a considerable 
increase in variability in visual acuity. Conditions 
such as myopia, hyperopia, and astigmatism are 
probably more frequent than in primitive popula- 
tions that lived until more recent times under condi- 
tions of stronger selection (Sect. 14.2.5). Will this pro- 
cess continue? One could argue that such a trend 
would be bearable - more persons would simply 
have to use glasses. Their “defect” provides a living 



for other professions, such as ophthalmologists, opto- 
metrists, and opticians, and supports the spectacle- 
making industry. 

A slow deterioration in the immune system would be 
more dangerous. As explained in Sect. 12.2.1.6, mor- 
tality during infancy and childhood was high until 
very recent times, with infections being the principal 
contributory factor. Under the influence of strong se- 
lection there has evolved a complex system for recog- 
nizing and eliminating infective agents (Sect. 7.4). We 
know a great number of genetic defects which impair 
the efficiency of this system. Formerly such defects 
usually led to the individuaFs death from infection; 
today, with antibiotic therapy, many of these patients 
survive and have children. For extreme defects we 
can hope for therapies such as bone marrow trans- 
plantation, which substitute normally functioning 
immune cells. However, mutations may change pro- 
tein molecules in a much more subtle way, only 
slightly impairing their function. Studies on the he- 
moglobin molecule have shown that such mutations 
are probably very frequent. Will relaxation of selec- 
tion against such variants lead to a slow deterioration 
of the whole system? Will our descendants gradually 
become more susceptible to infections of all kinds 
that need to be counteracted by a more elaborate 
combination of antibiotics and immune therapy? Pos- 
sibly still more important, will this deterioration of 
the immune defense system enhance the frequency 
of various types of cancer, since potentially malig- 
nant cell clones may often be kept from proliferating 
by so-called immune surveillance? Furthermore, re- 
cent experiences especially with HIV infection but 
also with other “new” infections indicate that the 
challenge to the human species by infections will 
continue. 

It is also possible that the relaxation of selection 
against certain multifactorial traits will lead to their 
higher frequency. Trends in the past, for instance, 
made for fairly strong selection against cleft lip and 
palate. Nowadays, because of effective surgical ther- 
apy such children survive more readily and have chil- 
dren. The frequency of this trait in the next few gen- 
erations is therefore likely to increase. The exact ex- 
tent of such increase is difficult to predict. Similar 
considerations apply to congenital heart defects. 

Increase in the Number of Intellectual Subnormals? As 
noted above, conscious planning of reproduction is 
one of the main factors to be considered in every 
forecast of trends. This factor, however, may have fa- 
vorable as well as unfavorable consequences. There 
is one subgroup of the human population that have 
a reduced ability to plan for their own future - the 
mildly mentally subnormal. Indeed their mean repro- 
duction exceeds the population average. While envi- 
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ronmental factors that may help to bring about men- 
tal subnormality are well known; there is evidence to 
suggest that genetic variability is important especially 
for the mildly retarded group (Sect. 15.2.1.2). There- 
fore, a continuing higher reproduction of mildly re- 
tarded persons might enhance their population fre- 
quency. This conclusion has been challenged by Pen- 
rose [35] with the argument that in families with 
mildly subnormal individuals a certain proportion of 
the more severely handicapped will segregate who 
are not able to have children at all. This counterba- 
lancing effect might keep the gene frequency low 
even in the face of higher reproduction of the mar- 
ried subnormals. Comprehensive studies of Reed 
and Reed (1965) [38] seem to support this argument: 
the number of unmarried and childless retarded 
family members was indeed increased in families of 
the mentally subnormal. We cannot be sure, however, 
whether this compensation will prove sufficient in the 
future; too much depends on unpredictable social 
conditions: mentally subnormal women can be taught 
to take birth control pills regularly and may even do 
so more reliably than women of average or above- 
average intelligence. 

It is possible that genes for mental subnormality will 
increase; although the number of mentally subnormal 
individuals may be higher, the mean ability of the 
rest of the population will not be affected. There is 
strong assortative mating for intelligence in general 
and especially for mental subnormality. This trend 
may create social problems, as modern societies 
with increasing demands for technical skills will pro- 
vide progressively fewer jobs for mildly retarded per- 
sons. 

A Favorable Selective Trend: Abandoning of Genetic 
Adaptations with Otherwise Unfavorable Effects. Our 
discussion has focused principally upon unfavorable 
selective trends, the only benefical trend being artifi- 
cial selection by genetic counseling. Another favor- 
able trend, discussed below, will probably lead to ge- 
netic improvement much more rapidly than most of 
the unfavorable trends can lead to genetic deteriora- 
tion. 

Some anomalies and diseases of the erythrocytes, 
most notably hemoglobin variants, attained a high 
incidence in tropical countries despite the fact that 
homozygotes suffer from severe blood diseases such 
as sickle cell anemia or thalassemia (Sect. 7.3). How- 
ever, heterozygotes have a selective advantage vis-a- 
vis falciparum malaria, which remains endemic in 
many of these areas (Sect. 12.2.1.6). Unless malaria re- 
appears in the future, selection against the affected 
homozygotes will reduce the gene frequencies. 

Here nature has evolved a compromise: the advantage 
of increased resistance against malaria came at the 



price of many cases with inherited disease. As soon 
as malaria is eradicated, this compromise will no 
longer be needed and the harmful gene will gradually 
disappear (Sect. 12.2.1.6). 

A similar mechanism may exist for the ABO blood 
groups (Sect. 12.2.1.8). It is possible that this genetic 
polymorphism arose as an adaptation to multiple 
and varying infective agents and that selection has 
frequency been dependent. The price has been paid 
in zygote loss due to serological mother-child incom- 
patibility. If selection due to infections disappeared, 
and only selection by incompatibility remained, a 
gradual and slow elimination of the rarer alleles, A 
and B, and fixation of the most frequent one, 0 , 
would ensue. Similar “compromises” are likely for 
other genetic systems as well. 

The Human Species in the Future. These considera- 
tions lead to the following picture of the future genet- 
ic composition of the human species: Its overall ge- 
netic composition will be similar to that at present. 
A tendency toward diminution of racial and ethnic 
differences will probably continue. Genetic defects 
may be slightly more or less frequent than at present 
but will be under effective control by genetic counsel- 
ing and prenatal diagnosis. Living cases with autoso- 
mal chromosome aberrations may become rarities. 
Diseases caused by polygenic factors are likely to in- 
crease because of medical and surgical treatments 
and other cultural factors leading to relaxation of se- 
lection. Unfortunately, the extent of this increase can- 
not be accurately assessed because of our lack of 
knowledge regarding the specifically genetic contri- 
butions to these diseases. Table 19.2 compares the 
favorable and unfavorable trends. 

However, these predictions will hold true only if the 
general socioeconomic conditions remain stable, 
their present state extends from the developed coun- 
tries to the populations in developing countries, and 
progress of medical sciences is increasingly able to 
cope with the health challenges [46 a]. Two major de- 
velopments might lead to untoward consequences: 

1. ) All over the world we are now observing major 
changes in infective agents of almost all kinds. They 
are adapting genetically to antibiotics and other che- 
motherapeutic agents. Return of malarial infections 
to formerly malaria-free tropical areas, and untreat- 
able pneumonias caused by resistant hospital germs 
are only two examples. It is possible that a high mor- 
tality rate due to some infectious diseases will soon 
return with full force, requiring new intellectual and 
genetic adaptations by the human host. We cannot 
be sure that human ingenuity will, in the long run, 
win the fight against infections. 

2. ) It is possible that socioeconomic conditions will 
change. The living condition of a “golden age” which 
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Table 19.2. Favorable and unfavorable trends (without genet- 
ic engineering) affecting genetic composition of future hu- 
man populations 



Unfavorable trends 


Probable significance 


Mutation rate increase due to 
ionizing radiation 


Not very significant 


Mutation rate increase due to 


Unknown 


chemical mutagens 
Higher reproduction of pa- 


Probably not very signif- 


tients with inherited diseases 


icant 


Increase in recessive diseases 


Insignificant in the next 


(new equilibrium) 


few centuries 


Deterioration in normal 


May be significant in the 


functions due to '^selection 
relaxation” 


long run 


Favorable trends 


Elimination of genetic adap- 
tations with otherwise unfa- 


Possibly significant 


vorable effects (infections or 
malnutrition) 




Decrease of mutation rates 
for chromosome aberrations 


Significant 


and point mutations due to 
decreasing parental age 




Voluntarily decreased repro- 


Unknown; will become 


duction in families with ge- 


more important in the 


netic diseases 


future 


Genetic counseling including 


Important, even after a 


antenatal diagnosis 


short time 



populations of developed countries are enjoying at 
present may deteriorate due to political, economic, 
and mainly ecological turmoils, and medicine may 
have to abolish highly sophisticated goals such as di- 
agnosis, prevention, and treatment in medical genet- 
ics, and concentrate on mere survival. Hence, the sce- 
nario outlined for the future in the foregoing chapter 
may be too optimistic. Improvement of living condi- 
tions and - together with them - continued progress 
in the biomedical sciences is not at all self-evident. 



Conclusions 

Modification of the genetic material by direct manip- 
ulation of DNA is often discussed. More conservative 
approaches include “germinal choice,” i.e., the use 
of germ cells for artificial fertilization and reproduc- 
tion. Among molecular approaches, gene therapy of 
somatic cells has elicited much interest and is being 
investigated in experimental human studies for sever- 



al diseases. Somatic gene therapy is an extension of 
conventional medical therapy using gene-specific 
DNA as therapeutic material. Apart from the rigorous 
safeguards necessary when introducing any new ther- 
apy and the special attention given to the safety of the 
viral vectors that carry DNA, somatic gene therapy 
raises no novel ethical questions. On the other hand, 
germinal gene therapy which aims to modify germ 
cells (or very early zygotes) remains an experimental 
procedure of animals and is not safe for human appli- 
cations at this time. Its potential indications in the 
prevention and treatment of human diseases are re- 
stricted and raise the ethical problems of directly al- 
tering the gene pool of future generations. There is 
fear that the procedure may be abused to enhance 
normal body characteristics in offspring, such as IQ, 
body height, and similar traits. It is prohibited by 
law in some countries. 

Our knowledge of human genetics permits cautious 
predictions about the genetic health of future genera- 
tions. Extrapolation from current trends suggest that 
mutation rates leading to anomalies and diseases 
may diminish somewhat, due to a younger age at re- 
production, because of fewer offspring in families. 
As to changes in natural selection due to hereditary 
defects and weaknesses, positive as well as negative 
trends may occur; we cannot predict which will pre- 
vail. However, we see no indication for a marked de- 
terioration of the genetic quality of future genera- 
tions. 
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Appendix 1 

Methods for Estimating Gene Frequencies 



In the context of the present work only the principles 
of gene frequency estimation are demonstrated 
(Sect. 4.2). For details, see Race and Sanger [68], 
Mourant et al. [60], and others. We begin with the 
simplest example. 

One Gene Pair: Three Genotypes Can Be Identified by the Phe- 
notype. Here every single allele (M or N) can be identified, 
and the gene frequency can be established by direct counting. 
The MN blood types may be used as examples: 



2M + MN _ M + \MN _ ; 

^ 2(M + MN + N) M + MN + N'^ ^ 



(Al.l) 



The calculation of variance V is also straightforward: 



V= _ ^ _ 

2(M + MN + N) 



(A 1.2) 



The gene frequencies p and q can now be used to test wheth- 
er the phenotype frequencies agree with their expectations 
according to the Hardy- Weinberg Law. Using the following 
formula, the explicit calculation of these expectations can be 
spared: 

2 _ (M + MN + N)(MN^ ~4xM xNf 
^ ~ {2M + MN)^(MN + 2Nf 



In principle the same counting method can be used when 
there are more than two alleles, and when all genotypes 
can be distinguished phenotypically, such as in polymor- 
phisms. 



One Gene Pair; Only Two Genotypes Can Be Identified by the 
Phenotypes. The problem becomes slightly more complicated 
if one of the two alleles is dominant, i. e., if the heterozygote 
is phenotypically identical to one of the two homozygotes. 
In this case the homozygote for the recessive gene provides 
the information necessary for gene frequency calculations. 
The frequency of the homozygotes is q^. The Diego blood fac- 
tor (Sect. 14 . 3 . 1 .) may serve as example. There are two classes 
in Native American and Mongoloid populations: those with 
a positive agglutination reaction with anti-Di^ serum and 
those without this reaction. Family studies have shown the 
negative type to be recessive. 



q (Frequency of the gene Di‘^) ■ 



Di(a -) 



Di(fl + ) + Di{a — ) 



Variance = 



4[D/(a +) + Di{a -)] 



There is no degree of freedom left to test for a Hardy- Wein- 
berg equilibrium. 



If an anti-Di^ serum is available, the heterozygotes can be 
identified, and gene frequency can be calculated by the gene 
counting method as shown above for the MN blood group. 

More Than Two Alleles: Not All Genotypes Can Be Distin- 
guished in the Phenotype. A special case, the ABO blood 
group, is discussed in Sect. 4 . 2 . 2 . 

Maximum Likelihood Principle of Estimation. We are con- 
fronted with the general problem that a parameter is not 
known a priori but must be estimated from empirical data. 
According to R. A. Fisher, an estimate should fulfill the fol- 
lowing conditions: 

a) It should be consistent. This means that the estimate con- 
verges stochastically on the parameter with an increasing 
number of observations. 

b) The estimate should be sufficient. It must be impossible to 
extract additional knowledge about the parameter by cal- 
culating other statistics from the data. 

c) The estimate should be efficient. It should extract the 
maximum possible amount of information from the data. 
The variance should be as small as possible. 

The best solution of the estimation problem is generally the 
maximum likelihood principle established by Fisher. Details 
on this principle can be found in standard textbooks on sta- 
tistics. Suffice it to say that the methods recommended here 
give maximum likelihood estimates. 

Calculation of ABO Gene Frequencies by the Bernstein Meth- 
od. 

Bernstein, in his investigations on the genetic basis of the 
ABO system (Sect. 4 . 2 ), derived a method for estimating ABO 
gene frequencies. He later refined this method by first esti- 
mating provisional frequencies p\ q\ r' and then correcting 
them to calculate the definite gene frequencies p for gene fre- 
quency of A, q for gene frequency of B, r for gene frequency 
of O: 

p' = 1 - \/(B + 0)/n p=p'(l+D/2) 

q' = 1 - -\/(A + 0)/n q = q'{l+D/2) 

/ = s/ojn r={r’ + D/2)(l + D/2) 

D is the difference between 1 and the sum p' + ^' + r'. Esti- 
mates using this improved Bernstein method were shown to 
be practically identical with the maximum likelihood esti- 
mate. 

Example: Estimation of Gene Frequencies by Gene Counting. 
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Race and Sanger [66] gave the following phenotype frequen- 
cies for individuals from London, Oxford, and Cambridge: 

M MN N Sum total 
363 634 282 1279 



The gene frequencies p of allele M, and q of allele N are there- 
fore, according to Eq. A. i.i: 



P = 



363 + i X 634 
1279 



0.5317 






282 + i X 634 
1279 



= 0.4683 



It follows that: = 0.2827; 2 pq = 0.4980; q^ = 0.2193. 

To calculate the expected numbers of individuals of the three 
genotypes (£), these figures must to be multiplied by the to- 
tal number of individuals, 1279: 

E(M) = 361.6 

E(MN) = 636.9 

E(N) = 280.5 

These expectations are now compared to the observed num- 
bers of individuals: 



X\ = 1279 X 



P> 0.05 



[634^ - (4 X 363 x 282)]^ 

[(2 X 363) + 634]^ [634 -h (2 x 282)]^ 



: 0.027; 



There is no statistically significant difference between ob- 
served and expected gene frequencies. 

Example: Estimate of ABO Gene Frequencies. In 21 104 indi- 
viduals from Berlin the blood group distribution was found 
to be: 

A =9123 

B = 2987 



O = 7725 
AB = 1269 

By the improved Bernstein method, this leads to the follow- 
ing results. (For details see Sect. 4.2.2) 

p = 0.287685 ±0.002411 

^ = 0.106555 ±0.00 1545 

r = 0.605760 ±0.002601 

The maximum likelihood method has been shown to lead to 
exactly the same results [38]. 

The standard deviations listed above are the square roots of 
the variances. 

Expected genotype frequencies can now be calculated from 
these gene frequencies in the same way as shown above for 
the MN blood types and compared with the observed fre- 
quencies by a conventional 7^ test. 

Still more complicated problems are encountered for the Rh 
blood groups and in general for all systems for which many 
different combinations of antigens are inherited together. 
Here computer programs have been developed (for the Rh 
system see [16]). A number of authors have published guide- 
lines for calculating gene and haplotype frequencies for the 
HLA system [50, 59, 100]. 

Computer processing cannot compensate for inadequate 
sampling, however. All methods discussed above are based 
on the assumption that sampling of individuals is indepen- 
dent, i. e., that the selection of any person does not enhance 
or diminish the chance of any other person in the population 
being selected. This rule is violated, when for example, rela- 
tives are recruited into the sample. Samples containing rela- 
tives are not necessarily useless for gene frequency calcula- 
tions, but such inclusion must be noted, together with the de- 
gree of the relationships, and special statistical methods must 
be used for analysis [90]. 
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Testing and Estimating Segregation Ratios; Correction of Ascertainment Biases 
in Rare Diseases; Multifactorial and Mixed Models; Related Statistical Problems. 



As explained in Sect. 4.3, in families in which rare al- 
leles segregate, such as in those having hereditary 
diseases with monogenic inheritance, ascertainment 
is usually by sibship with at least one affected sib. 
This introduces an ascertainment bias, since sibships 
in which by chance no affected person has appeared 
escape notice by the investigator. This bias should 
be corrected when observed ratios are compared 
with those expected from Mendelian laws or when 
segregation ratios are estimated. Today computerized 
programs are available, and these are used in most 
instances. However, scientists who use this approach 
should understand the principles of these meth- 
ods. 

As discussed in Sect. 4.3, there are two main modes of 
ascertainment: single selection {k = o) and complete 
or truncate selection (k = i). With single selection, 
each family is ascertained by a single proband. The 
most common example is a family survey on a disease 
which starts with a series of hospital patients. With 
complete selection, each patient is ascertained inde- 
pendently as a proband. In practice this occurs only 
when a determined effort is made to ascertain each pa- 
tient carrying a certain disease in a defined popula- 
tion. Computer programs designed to estimate segre- 
gation ratios offer a third option: more than one pa- 
tient in a family but not all of them are ascertained in- 
dependently as probands (incomplete multiple or pro- 
band selection). On the other hand, one patient maybe 
ascertained not once but twice or even several times. 
Theoretically this can be included in a refined estimate 
of segregation ratios. However, all these refinements 
require the probability of ascertainment to be the 
same for each individual and repeated ascertainments 
to be independent of each other. Obviously both condi- 
tions are almost never fulfilled. It is therefore sufficient 
to perform the estimates either for single selection 
{k = 0) or for truncate selection {k = 1), depending on 
the method of ascertainment, or to perform both cal- 
culations, assuming that the real ratio lies somewhere 
between these two [85]. In most instances the suppos- 
edly refined estimate (incomplete multiple selection) 
is no more precise than such interpolation. 

Earlier editions of this book recommended the meth- 
od of Finney, as worked out by Kaelin, and the genet- 



ic analysis of a comprehensive - and reasonably com- 
pletely ascertained - data set on deaf-mutism in 
Northern Ireland [87] was performed step by step in 
order to demonstrate how such an analysis can be 
performed in a relatively simple way, and how the re- 
sults should be assessed critically. Such problems 
have lost somewhat in interest in recent years; there- 
fore this analysis is not repeated here. Instead we list 
in table A 2.1 the available computer programs for 
segregation analysis. Some of these programs are de- 
signed for nuclear families, i.e., families consisting 
of parents and a number of children, while others, 
such as SAGE, include extended families. 

The scientist who collects such family material for 
genetic analysis should follow a number of rules: 

1. The sample to be drawn and the degrees of rela- 
tionship with the probands to be included in the 
sample should be defined in advance. 

2. Diagnosis should be confirmed as carefully as pos- 
sible not only in probands but also in their family 
members, whenever possible by personal examina- 
tion. As a rule, such comprehensive studies are 
used to refine clinical criteria such as age at onset, 
course of the disease, and often additional clinical 
signs. 

3. The probands should be indicated, and the method 
of their ascertainment should be noted as carefully 
as possible. 

4. The design should be planned, before the study be- 
gins in cooperation with the responsible statisti- 
cian. 

5. The results should be assessed critically. Not every 
result spat out by a computer is biologically mean- 
ingful. 

More Complex Ascertainment Problems, for Example, 
in Some Chromosomal Aberrations. Families are often 
observed that consist of more than one sibship. More- 
over, various kinds of probands might exist. For ex- 
ample, families with reciprocal translocations may 
be ascertained by an unbalanced translocation carri- 
er, in most cases a child with multiple malformations; 
or the proband may be a balanced translocation car- 
rier; he or she might have been ascertained in the 
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Table A 2 . 1 . Some computer programs for analysis of family data 



Name 


Special features of the program 


Contact address 


Reference 


Mendel/Fisher 


Mapping, ascertainment correction, fitting 
of multifactorial models; quantitative traits; 
paternity problems 


K. Lange, Dept, of Bio statistics 
Univ. of Michigan, Ann Arbort 
MI. 48109, USA 


Lange et al. 
(1988) [48] 


PAP 


Pedigrees; all models of segregation; risk 
calculation 


S. J. Hasstedt, Dept, of Medical 
Physics and Computing, Univer- 
sity of Utah, Salt Lake City UT 
84943, USA 


Hasstedt (1932) 
137] 


Segran 


Nuclear families; program permits testing 
for sporadic cases 


N.E. Morton, CRC Research 
Group in Genetic EpidemiDlogy, 
Dept, of Community Medicine, 


Morton et ah 
(1983) [58] 


POINTER 


Nuclear families; large pedigrees must be 
subdivided; testing for mixed model 


University of Southampton, South 
Academic Block, Southampton 
General Hospital, Southampton 
S09 4 X, UK 


Lalouel and Mor- 
ton (1981) [46] 


SAGE (2.1) 


General segregation models for quantitative 
and discrete traits; variable age at onset 
distribution; marker-trait associations; 
familial correlation; two-point linkage 
analysis and sibpair analysis; mapping of a 
trait to a map of markers (the program is 
being improved continously) 


C. Elston, Dept, of Epidemiology 
and Biostatistics Case Western 
Reserve University 2500 Metro 
Health Drive, Cleveland, OH 
44109, USA 


S.A.G.E. Hand- 
book (From 
Cleveland 
address) 



course of chromosome screening carried out, for ex- 
ample, in adult normal populations, in populations 
of newborns, in mental retardates, in any individuals 
carrying certain malformations, or in a study of 
spontaneous abortions. If ascertained by way of abor- 
tions, families are normally examined only if at least 
two abortions have occurred. Furthermore, there are 
differences depending on whether the analysis is 
based on single case reports of families or on families 
collected within the framework of a collaborative 
study. Such collaborative studies are preferable since 
there is less danger of a combination of “interesting 
cases.” Schafer [73] in his study on segregation of 
translocations discusses these problems and gives 
suggestions for correcting the most important bia- 
ses. 

Once a collection of cases has been obtained, the type 
of ascertainment must be determined. The majority 
of published cases of translocations are usually ascer- 
tained via a child with an unbalanced translocation. 
At first glance, statistical correction according to the 
single selection model {k = 0) in the sibship of this 
childproband seems appropriate. One could argue 
that ascertainment and/or publication of the family 
also depends on the clinical status of other relatives; 
it is therefore prudent to repeat the calculation with 
a model of truncate selection; the true segregation ra- 
tio may be closer to the single selection result. How- 
ever, this is true only if analysis is based on families 
ascertained via a clinically affected individual. In the 



future more and more family studies will be based 
on probands from long-term, complete collections of 
all malformed newborns in entire populations, as is 
the case in studies already being carried out in Hun- 
gary, for example [17, 18]. In such cases, correction 
according to the model of truncate selection would 
be adequate. 

As a rule, however, pedigrees consist of more than one sib- 
ship. In these cases additional - secondary or even tertiary - 
probands occur. All individuals whose presence induces the 
investigator to extend his studies to a further generation or 
sibship must be regarded as probands. This is explained 
with reference to a model pedigree (Fig. A 2 . 1 ; Table A 2 . 2 ; 

[73]). 

The family was discovered through III, 16 , a carrier. She 
would not have been karyotyped if she had not suffered 
from multiple abortions. Since an indication for karyotyping 
is normally assumed when at least two abortions have occur- 
red, two abortions are considered as “probands” among her 
children and are eliminated from the risk calculation for 
abortions (note that abortions might be “probands”). Ill, 16 
is a “secondary proband.” Moreover, if her mother (II, 5 ) 
were to have had a normal karyotype. III, 16 would be re- 
garded as de novo translocation, and the sibship to which II, 
5 belongs would not have been examined. Therefore II, 5 is 
another secondary proband and must be eliminated from 
risk calculations in her sibship. II, 4 was not karyotyped; 
since she has no children it is unknown whether she is a car- 
rier. Therefore she too must be excluded from risk calcula- 
tions. II, 11 , on the other hand, is a carrier, being a sister of 
the proband III, 16 , and would have been examined in any 
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case, irrespective of her children; therefore she does not 
count as a proband; she must be included in the risk calcula- 
tion for children of translocation carriers. She has three chil- 
dren who would have been examined anyway regardless of 
their phenotypes. Therefore no correction is necessary; they 
can all be included in the risk calculation. 

The next step of the analysis must be carried out carefully: If 
generation II would have been examined in any case, then II, 
5 is the only proband in this generation, and all other sibs 
can be used for risk calculation (except of course II, 4). More- 
over, the sibships III, 2-III, 9; IV, 1, 2; and IV, 3, 4 were ascer- 
tained through an affected parent; therefore no correction is 
necessary. However, if, for example, sibship IV, 3, 4 was exam- 
ined only because III, 11 tells the investigator that her cousin 
also has a malformed child (and if this sibship would not 
have been examined otherwise), the unbalanced child IV, 4 
is a (tertiary) proband and must be eliminated from risk esti- 
mation. This example shows how important explicit report- 
ing of the ascertainment process is. The following analysis 
assumes that the sibships on the left side of Fig. A 2.1 were in- 
deed ascertained through an affected parent. The result can 
be seen in Table A 2.2. The following risk estimates can be de- 
rived: 

a) For patients carrying unbalanced translocations: 2/21 

b) For abortions: 4/21 

c) For balanced carriers: 9/21 

d) For normal offspring: 6/21 

For these estimates the single cases from all sibships are sim- 
ply pooled ( = precumulation). This procedure could be criti- 
cized on the grounds that larger sibships carry too much 



weight in relation to smaller ones. It is also possible to make 
risk estimates for all sibships separately and then to pool 
them ( = postcumulation). However, most studies in the lit- 
erature on translocations were performed with precumula- 
tion. This procedure appears justified especially if the sib- 
ships come from larger pedigrees, since it can safely be as- 
sumed that within such a pedigree the real risks are identical 
in all sibships. On the other hand, it is necessary to perform 
such risk calculations separately for families in which at least 
one patient with an unbalanced translocation is observed as 
proband, those ascertained through abortions, and those by 
balanced carriers, since only some of all unbalanced translo- 
cations can lead to unbalanced offspring; many unbalanced 
zygotes cannot survive the early zygote stage. Basically the 
same rules for risk calculation should be applied to large 
pedigrees with autosomal-dominant or X-linked diseases. 
Computer programs are available for inclusion of extended 
families in such estimates (Table A 2.1), but critical assess- 
ment of ascertainment in each pedigree remains the task of 
the investigator. 

Multifactorial Inheritance and Major Genes. The 
study of segregation ratios is relatively straightfor- 
ward when the analysis has advanced to the qualita- 
tive phenotypic level (Sect. 6.1.1), i.e., when a simple 
Mendelian mode of inheritance of clearly distinguish- 
able phenotypes can be anticipated. For many human 
characteristics, however, such an analysis is not yet 
possible; they must be studied at the quantitative 
phenotypic-biometric level (Sect. 6.1.1). Normally dis- 



II 



III 



IV 




0(E) 

00 



NORMAL KARYOTYPE 
TRANSLOCATION CARRIER (BALANCED) 

[ 7 ] (?) NO EXAMINATION POSSIBLE 

00 CHILD WITH MULTIPLE MALFORMATIONS AND UNBALANCED KARYOTYPE 
• SPONTANEOUS MISCARRIAGE 

Fig. A 2.1. Model pedigree with translocations. For analysis see Table A 2.2. (From Schafer 1984 [73]) 
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Table A 2 . 2 . Data for risk calculation for the family in Fig. A 2.1 

Sib ships at risk No. of children Probands Unbalanced Balanced 

(excluding pro- cases carriers 

bands and un- 
classified persons) 



Ik 2-5 2 

III, 2-9 5 

111,11-16 5 

IV, 1, 2 1 

IV, 3, 4 2 

IV, 5-7 3 

IV, S-12 3 



1 

0 

1 
0 
0 
0 

2 



0 

0 

0 

0 

1 

1 

0 



2 

3 

3 

0 

0 

1 

0 



Abortions Normals 



0 

0 

0 

I 

0 

0 

3 



0 

2 

2 

0 

1 

1 

0 



tributed traits, such as stature or IQ, and physiologi- 
cal and biochemical characteristics, such as serum 
cholesterol levels, fall into this category, but so do 
also most common diseases. Some approaches to the 
analysis of such traits are described in Chap. 6; the 
heritability concept is explained, and strategies are 
suggested for a stepwise dissection of characters and 
traits subsumed by the model of multifactorial in- 
heritance with and without threshold. Among these 
strategies we discuss searching for phenotypic sub- 
classes, physiological components, and associations 
with genetic polymorphisms. 

More recently, several authors have proposed statisti- 
cal methods for more rigorous testing of multifacto- 
rial vs. single-gene models and for identifying effects 
of major genes in the presence of a multifactorial 
background [13, 20, 55, 57]. In principle these meth- 
ods consist of two steps. In the first, certain assump- 
tions are made regarding the mode of inheritance of 
a certain condition, and the consequences of these as- 
sumptions are calculated for frequency (of alterna- 
tively distributed characters) or distribution (con- 
tinuously distributed characters) among certain 
groups of relatives. This creates a tentative “model” 
of a particular mode of inheritance. Then the good- 
ness of fit of a set of empirical data is tested by a sta- 
tistical method against the expectations derived from 
a given model. Therefore this approach to analysis 
does not differ in principle from that described in 
Sects. 4.3.3 and 4.3.4 for testing whether family data 
fit the expectations of simple Mendelian inheritance. 
Often several alternative models are constructed and 
are compared with the actual data. 

Models cannot be constructed without simplifying 
assumptions. This is inevitable and does not cause 
much harm, provided that all assumptions are set 
out clearly. However, the fact that a data set fits ex- 
pectations based on a certain model does not prove 
that this model adequately describes the real situa- 
tion. Other plausible models must be excluded. Very 



often such exclusion is simply not possible for mod- 
els normally encountered in human genetics, for ex- 
ample, multifactorial inheritance vs. autosomal-do- 
minant inheritance with incomplete penetrance. Ge- 
neticists who usually work with simple Mendelian 
models are “spoiled”; there are few situations that 
convincingly mimic a monogenic mode of inheri- 
tance without additional assumptions. As a rule, 
they are on solid ground, but not necessarily in the 
morass of multifactorial models. 

When we study an alternately distributed trait in the 
population, such as a disease, and the data obviously 
do not fit the assumption of monogenic inheritance, 
two main alternatives are usually considered: a 
monogenic mode of inheritance with incomplete 
penetrance or multifactorial inheritance in combina- 
tion with a threshold. With the second alternative, 
three models are often considered. In the simplest 
case a number of genes contribute additively to dis- 
ease liability; however, in some instances, one gene 
locus may contribute much more than the others to 
the genetic variability. Attempts at defining such 
“major gene” models and distinguishing them from 
the simple additive/polygenic model have been 
made, and computer programs for such tests are 
available (Table A 2.1). A “mixed model” is frequently 
used in which, in addition to major genes and an ad- 
ditive polygenic component, environmental factors 
are also considered. 

Expectations from such models may then be compared 
with an empirically collected data set, using standard 
statistical techniques such as the method. 

In practice, however, convincing separation of var- 
ious models is only rarely achieved since there is 
usually substantial overlap between expectations un- 
der the various models. This is true particularly if 
the trait under study is fairly common. Thus a simple 
additive model with a threshold, and dominant in- 
heritance with incomplete penetrance may give simi- 
lar results. 
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Incidence in population (%) 

Fig. A 2.1. Frequency of a character among sibs of probands 
with parents of type affected x unaffected in the diallelic 
model ( ) and the multifactorial model ( — ) [45] 

Figure A 2.1 shows only one example - computed ex- 
pectations for the frequency of affected children if 
one parent is affected and the other one unaffected. 
These expectations are computed for the multifacto- 
rial model (multiple, additive genes and a threshold) 
and for the monogenic, diallelic model with incom- 
plete penetrance [45]. Expectations from the two 
models overlap especially if penetrance in the mono- 
genic, diallelic model is low, and if the condition 
studied is very common. 

Two criteria have emerged that help to distinguish 
multifactorial from diallelic models: in multifactorial 
inheritance, and if the trait is not too common, MZ 
twins are concordant much more often than DZ 
twins, while this difference is smaller in the diallelic 
case. Thus if concordance is more than four times 
higher in MZ than in DZ twins, multifactorial inheri- 



tance is more likely [41]. The other criterion comes 
from a comparison of the number of affected chil- 
dren in terms of whether one or both parents are un- 
affected. In multifactorial models, the frequency of 
affected children when both parents are healthy is 
lower than in monogenic inheritance with low pene- 
trance. 

Calculations involving the multifactorial model in- 
clude an estimate of heritability. The heritability con- 
cept is discussed in Chap. 6, and its limitations are set 
out. In principle, heritability can be estimated in a 
meaningful way only for quantitatively varying char- 
acters. Since a quantitatively varying liability is as- 
sumed in the multifactorial model, heritability esti- 
mates have a logical basis under such conditions. 
Such estimates may be based on a comparison be- 
tween MZ and DZ twins or a comparison of any 
groups of probands’ relatives versus the general po- 
pulation. Computation of heritability estimates in 
twin studies for continuously varrying traits are dis- 
cussed in Appendix 5; tables for comparison of first- 
degree relatives with the general population are avail- 
able [84], but in our opinion these provide little use- 
ful information. Theoretically the expectation of an 
individual with any degree of relationship being af- 
fected can be calculated when heritability estimates 
are available either from twin or other data. Such ex- 
pectations are sometimes thought to be useful in 
genetic counseling, where they could replace empiri- 
cal risk figures. However, since heritability estimates 
depend on largely untestable assumptions (Sect. 6.1), 
such calculated recurrence risks must be used with 
great caution in practice. 

Methods for calculation of such models are not dis- 
cussed here in detail; the interested reader may find 
useful information in [45]. 

Criteria from extended pedigrees could in principle 
be used. For example, in diallelic inheritance with re- 
duced penetrance or in multifactorial inheritance 
with major gene involvement we expect the gene con- 
tributing to the disease liability to come exclusively, 
or at least mainly, from one side of the pedigree, 
whereas in truly polygenic causation more or less 
equal contributions from paternal and maternal fa- 
milies are expected. This argument was proposed by 
Slater (1966) [83] many years ago but, to our knowl- 
edge, has not been developed further. 

In conclusion, when applying these methods, one 
must be particulary critical toward the results. Espe- 
cially the demonstration of “major gene effects” 
within a mixture of (often variable) phenotypes in 
probands and - even more so - in their relatives 
could very easily lead to conclusions that are not 
only premature but misleading. This was demonstrat- 
ed convincingly by a study by McGuffin and Huckle 
[51] who applied complex segregation analysis to a 
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family study on medical school attendance in rela- 
tives of medical students; they found excellent agree- 
ment with the most general transmission model, but 
the hypothesis of a recessive main gene could not be 
refuted completely. The authors performed this study 
of course to demonstrate unavoidable pitfalls in this 
kind of reasoning. In our opinion, a much better 
way to disentangle the genetic basis of complex dis- 
eases is to analyze pathophysiology - in close asso- 
ciation with formal and molecular genetics as well as 
by linkage studies - at as many levels as ever possi- 
ble. This is shown in Chap. 6 for coronary heart dis- 
eases and for diabetes. 

The Choice of a Suitable Program Package for Genetic 
Analysis. The number and variety of program pack- 
ages for genetic analysis of data sets is increasing 
rapidly, and it is becoming more difficult to select 
and obtain access to the programs most suitable for 
a given data analysis. Some general rules for access 
to such packages are given in Appendix 3, but some 
additional guidelines may be useful for estimating 
parameters such as segregation ratios or comparison 
of genetic models. 

1. Before deciding in favor of one program, its scien- 
tific basis must be considered. Understanding the 
program to be used helps in assessing critically 
whether it really provides answers to the questions 
that are posed. 

2. A few programs permit comparison of various ge- 
netic hypotheses: for example, a dominant mode 
of inheritance vs. a polygenic threshold model. 
The detailed analysis depends on the program 
used. For example, data are compared first with 
the mixed model (polygenic inheritance together 
with a major gene), and their parameters are esti- 
mated. Single parameters are then fixed, and the 
reduced model is computed again. For example, 
fixing the polygenic component creates a mono- 
genic model. As the next step, calculations for var- 
ious modes of inheritance are performed. The al- 
ternative of no genetic influence at all should also 
be considered. With results of these computations 
at hand, one then determines which of the models 
provides the best fit to the data. This is achieved 
by comparing pairwise the results of the various 
models that have been tested by calculating their 
likelihood ratio, i.e., which genetic hypothesis is 
the most probable, by maximum likelihood statis- 
tics. It is important to emphasize, however, that 
the most likely model is not necessarily the biolo- 
gically correct representation of the actual situa- 
tion. A yet untested model may apply, or the results 
may have been obtained by chance. 

In addition to such model calculations, some simple 
questions may be asked: for example, what is the ra- 



tio of concordance between MZ and DZ twins? Are 
affected but more remote relatives to be found mainly 
in one branch of the pedigree, or in both branches? 
Finally and most importantly, might a better distinc- 
tion between genetic models be obtained if biochem- 
ical and physiological parameters, for example, inter- 
vening or intermediate phenotypes (such as blood 
cholesterol levels in coronary heart disease), are con- 
sidered? 



Some Other Statistical Problems That Might Turn Up 
in Genetic Analysis: Sporadic Cases and Birth Order. 
We now return to the estimation of segregation ratios 
in monogenic diseases. Often this ratio proves lower 
than expected from Mendel’s laws. Admixture of 
sporadic cases (phenocopies or dominant new muta- 
tions) is often the most obvious explanation. In this 
case the number of sibships with only one affected 
sibling is increased above expectation (E), which, ac- 
cording to the binomial distribution, is: 



<; = 7 







spq^ ^ 



(complete selection) (A 2.1) 




(single selection) (A 2.2) 



where n^ is the number of sibships with sizes s. This 
expectation can be calculated if estimates of the seg- 
regation ratio p are available; this is provided, for ex- 
ample, by the program SEGRAN. The problem has 
come up in practice mainly in X-linked recessive 
diseases in which the only affected son of a healthy 
mother in an unaffected family could be due to a 
new mutation in her germ cells Chap 9. Here the in- 
vestigator should take care that the proportion of 
sporadic cases is calculated only in families in which 
no additional affected patients are observed outside 
the nuclear family. In families in which the mutant 
has already been shown to segregate it is extremely 
unlikely that a single affected son is caused by a new 
mutation in his mother’s germ cell. 

Another problem that occurs occasionally is the se- 
quence of affected and unaffected sibs within sib- 
ships. Mendelian segregation implies that this se- 
quence is random. This randomness can be tested 
by the theory of runs [24], if necessary. Sometimes 
the probability of being affected with a certain dis- 
ease rises with increasing birth order. Useful methods 
have been proposed [34] to test for such birth order 
effects. 
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Data Bases and Expert Systems 



Useful Data Bases and Expert System for Diagnostics 
in Medical Genetics and for Comparison of DNA and 
Protein Sequences Data for Diagnosis. With advances 
in clinical genetics and refinement of diagnostic cri- 
teria, the number of distinct hereditary diseases and 



well-defined syndromes has increased so much that 
no medical geneticist can remember all diagnostic 
possibilities when a patient or family with an unusual 
clinical picture turns up. The traditional way out of 
this difficulty is consultation of various reference 



Table A 3.1. Some useful books and reviews for diagnosis of hereditary diseases and malformation syndromes 



Category of anomalies 


Title 


Authors 


General references in medical 


Mendelian inheritance in man 


McKusick [55] 


genetics 


Common diseases 


The genetic basis of common disease 


King et al. [44] 


References for many hereditary 


Principles and practice of medical genetics 


Emery and Rimoin f 22] 


diseases 


Genetic counseling and prenatal 


Chromosomal abnormalities and genetic counseling 


Gardner et ah [23] 


diagnosis 




Practical genetic counseling 
Genetic disorders and the fetus 
Prenatal diagnosis of congenital anomalies 
Congenital malformations, prenatal diagnosis, etc. 
Catalogue of prenatally diagnosed conditions 

Introduction to risk calculation in genetic counseling 


Harper [35] 

Mil unsky [53] 
Romeo [70] 
Seeds et al. [77] 
Weaver [97] 

Young [101] 


Birth defects 


Birth defects encyclopedia 

Syndromes of the head and neck 

Smith's recognizable patterns of human malformation 

Pathology of the human embryo and previable fetus 

Multiple congenital anomalies 

The malformed fetus and stillbirth 


Buyse [12] 

Gorlin et al. [30] 
Jones [40] 

Kalousek et al, [41] 
Winter et al, [93] 
Winter et al [99] 


Metabolic diseases 


The metabolic and molecular basis of inherited disease 
Inborn metabolic diseases 


Scriver et al. [76] 
Fernandes et al [25] 


Neurological and muscle diseases 


Genetics and neurology 

Epilepsy in children 

Epilepsies, genetic risks 

Genetic strategies in epilepsy research 

Neuromuscular disease 

Due hen ne muscular dystrophy 

Huntington disease 


Bundey [11] 
Atcardi [1] 
Blandfort et al. [3] 
Anderson et al, [2] 
Swash et al [S3] 
Emery [21] 

Harper ]35] 


Skin diseases 


Prenatal diagnosis of heritable skin diseases 
Neurofibromatosis 


Gedde-Dahl et al 129] 
Riccardi [69] 


Eye diseases 


Goldberg's genetic and metabolic eye disease 


Renie [68] 


Connective tissue and internal organs 


Connective tissue and its heritable disorders 

The kidney in genetic disease 

The genetics of renal tract disorders 


Royce et al [71] 
Barakat et al. [6] 
Crawfurd [15] 
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books. The first part of the bibliography of this text 
provides many examples. The more recent and im- 
portant books are mentioned in Table A 3.1. Chromo- 
somal aberrations can be looked up in SchinzeTs 
[154] and Borgaonkar’s [22] compendia. Other mono- 
graphs on various diseases have been mentioned in 
various chapters of this book. 

Frequently these books and the numerous available 
journals are not sufficient. By relying exclusively on 
published data, important information may be missed 
since some data are not published or have not yet ap- 
peared in print. Here modern data bases are helpful. 
Elaborate algorithms and additional picture displays 
in some of these programs have turned such compu- 
ter aids into real expert systems. Table A 3.2 gives an 
overview. The POSSUM system includes data from 
the London Dysmorphology Data Base and GEN- 
DIAG, France. More recent information on the var- 
ious systems is available from their originators. 

Data for DNA and Protein Sequences. Whereas the 
data given above on clinical signs and symptoms of 
hereditary diseases and birth defects are of interest 
mainly for the medical geneticist and for certain 
groups of physicians, data on DNA and protein se- 
quences are important for many more groups of sci- 
entists working in many fields of molecular biology, 
research on evolution, and in various areas of theore- 
tical medicine such as biochemistry, microbiology. 



pharmacology, and many others. Therefore the num- 
ber and variety of available systems is much larger. 
Due to the lack of space we can present only a rela- 
tively small selection (Table A3.3). 

An overview of the existing databases is given by Ka- 
mel [730]; a table in this paper lists no fewer than 
102 databases. A “database of databases” has been es- 
tablished in the Los Alamos National Laboratory; in- 
formation on data bases is available free of charge ei- 
ther by post service or by electronic mail (Ta- 
ble A 3.3). According to Kamel [730], the available da- 
tabases can be grouped into three classes: the com- 
mercially available systems, those supported by inter- 
national or national agencies, and those in the public 
domain. These offer sequences (DNA, amino acids, 
probes, and others), genomic and vector sequences, 
literature citations, enzymes, macromolecular struc- 
ture and function, properties of biochemical substan- 
ces, some organisms and strains, and others. The ser- 
vices are improved and supplemented continuously. 
All these databases and additional ones are readily 
available in the World Wide Web. 

Some General Suggestions for Using of Databases and 
Expert Systems. Information systems for human ge- 
netics are growing fast, are changing continuously, 
and are becoming more and more sophisticated. 
These developments increase the availability of data 
and methods and provide more advanced informa- 



Table A 3 . 2 . Data bases and expert systems for diagnosis in medical genetics 



Name 


Short description 


Available from 


POSSUM: Pictures of Standard 
Syndromes and Undiagnosed 
Malformations 


Based on clinical phenotypes, gives possible syn- 
dromes for any combination of clinical signs, 
supplemented by photos; frequent updates for 
identification. OSSUM: Specialized for skeletal 
anomalies 


C. P. Export Pty. Ltd., 613 St. Hilda 
Road Melbourne 3004, Victoria, 
Australia 


OMIM: Online Mendetian 
inheritance in Man 

GDB: Genome Data Base 


Online for actual and updated information, of 
McKusick: Mendelian Inheritance in Mart 

Online data on the human genome 


Johns Hopkins University School 
of Medicine, and William H. Welch 
Medical Library, 1830 East Monu- 
ment SL, Baltimore MD 21205- 
2100, USA 


LDD: London Dysmorphology 
LND: London Neurogenetics 
Database 


Based on clinical phenotypes; numerous descrip- 
tions of dysmorphic syndromes; many references; 
CD with photos available; LND with emphasis on 
neurogenetic disease 


Dr. R.M. Winter, Dr. M.Baraitser, 
Oxford University Press, Electro- 
nic Publishing, Walton St., Oxford 
0X2 6 DB, UK 


Micro BDIS: Birth Defects 
Information Service 


Birth defect; about 1000 traits; data stored hierar- 
chically 


Dr, Mary Lou Buyse, Center for 
Birth Defects Information Service, 
Inc., Dover Medical Building, Box 
1776, Dover MA 02030, USA 


TERIS: Teratogen Information 
System 


Information about data on teratogens 


Dr. Janine E. Polifka, TERIS MJ- 10 , 
Dept, of Pediatrics, University of 
Washington, Seattle WA 9S195, 
USA 
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Table A 3.3. Brief overview of databases for molecular biology and human genetics (See [7, 26, 42]) 



Name 


Short description 


Contact 


Listing of Molecular Biology 


Intended as “database of databases”; provides in- 


Theoretical Biology and Bio- 


Databases (LIMB) 


formation on up to 54 items from each of the 
listed databases, including size, type of data, re- 
spondent with telephone number, services avail- 
able a. s. 0. 


physics Group, Respondent: 

C. Burks, T‘ 10, MS K710, Los 
Alamos Natl. Lab., Los Alamos 
NM 87545, USA 


European Molecular Biology 
Laboratory (EMBL) 


Nucleotide sequence data 


^ ftp. embhheidelberg. de 


EMBOPRO 


Protein sequences automatically generated from 
EMBL 


German EMB net mode, GEN- 
lUSnet, Abteilung Molekulare 


GenBank 


Reported nucleotide sequences 


BiophysLk, DKFZ, Im Neuen- 


PTG 


Translations of all protein coding regions in Gen* 
Bank J 


heimer Feld 280, 69120 Heidel- 
berg, Germany e-mail: genome 
@ dkfz-heidelberg. de 



tion. On the one hand, obtaining this information is 
becoming increasingly simpler when the Internet 
and World Wide Web systems are used. On the other 
hand, using these systems adequately has to be 
learned, and some exercise is needed. Useful reviews 
have been provided by Bishop [7] and Fischer et al. 
[26]. Institutions interested primarily in diagnosis 
need a system for storage and retrieval of patient 
data. Such systems have been developed: for example, 
MEGADATS. Programs for calculating genetic risks, 
such as in complex genetic situations and with use 
of multiple DNA linkage markers may often be useful 
and sometimes essential. Often computer-aided 
drawing of pedigrees [26] can be helpful. 

Tables containing the appropriate information may 
be found, in addition to this chapter, in Appendices 6 
and 7. More current data are available through inter- 



national computer networks and especially through 
Internet. In addition to programs, data are available 
on DNA and protein sequences, localization of hu- 
man genes, and availability of DNA probes from the 
Genome Data Bank (GDB; see Table A3.2). Many 
computer programs can be obtained on file servers, 
i. e., programs in the public domain that can be taken 
over on one’s own computer free of charge. Data for 
studies in molecular biology are available, for exam- 
ple, from Integrated Genomic Database, which inte- 
grates information from several data bases. Access to 
these sources usually requires certain passwords, 
and some identification of the user. As a rule, the 
easiest access is through university computer centers 
and similar institutions; their personnel can usually 
help with technical problems in access and use of 
such facilities. 
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Diagnosis of Zygosity 



Diagnosis of Zygosity Using Genetic Markers. MZ 
twins, being genetically identical, show no differen- 
ces either in sex or in any genetic markers. DZ twins, 
on the other hand, are no more similar than normal 
sibs; about half of them are of different sex, and 
many differ in genetic polymorphisms. The study of 
polymorphisms therefore allows the determination 
of zygosity. If a twin pair differs only in one marker, 
we can be sure that it is dizygotic (provided that 
laboratory errors have been excluded). However, di- 
zygotic twins may be identical in all markers studied 
simply by chance. This source of error must be ex- 
cluded by statistical calculations. Classical genetic 
markers such as blood and serum groups were used 
formerly; the statistical details of their application to 
zygosity diagnosis were worked out in detail. (See 
Appendix 5 in the first or second edition of this 
book, which may still be useful for research workers 
to whom DNA techniques are not available.) The 
method was reliable but costly and time consuming. 
Today DNA markers are generally used, especially 
microsatellites (Sect. 12.1.2). However, the apparent 
simplicity of this method should not lure us into 
sloppiness; well-established rules for statistical rea- 
soning should not be neglected. Here the mathemati- 
cal principle established by Bayes as early as 1793 is a 
useful tool. 



In our case P{AJB) is the probability of monozygos- 
ity among twins with identical blood types. Then, 1- 
P{AJB) is the probability of the twin pair being dizy- 
gotic or the probability of error when the twin pair is 
classified as monozygotic. P{AJ is the a priori prob- 
ability for MZ twins among all twins in the popula- 
tion. It is about 30 % in populations of European ori- 
gin. P{AJ is the a priori probability for a twin pair 
to be dizygotic. P(A^) = i-P{Af = 0.7; Eq.Aq.i may 
be simplified as follows: 

Here Q is the ratio DZ/MZ in the population (if 30 % 
of all twin pairs are MZ, then Q = 2.33). L is the likeli- 
hood ratio of conditional probabilities of DZ and MZ 
twins being identical in a given combination of ge- 
netic markers. Its value can be calculated by multipli- 
cation from the of the various marker systems 
used: 

L = Lj X L2 X . . . X (A 4 . 3 ) 

An Example. Tables A 4.1 and A 4.2 present an exam- 
ple. From the list of genetic markers it turns out that 
some are not informative, parents and children being 
identical genetically [IGHG (Gm), IGHG (Km), HP, 



Bayes' Principle of Conditional Probabilities. Con- 
sider one twin pair for which the probability of 
monozygosity or dizygosity is to be determined. 
More precisely, our question is: what proportion of 
all twin pairs with the same combination of genetic 
markers are expected to be dizygotic? Or, to put it 
somewhat differently: how often would the twin 
pair be misclassified, if monozygosity were as- 
sumed in every such case? The general formula of 
Bayes is: 



P{AfB) 



P(Ai) X P(B/A^) 

PiA^) X P{B/A,) + P(Ai) X P(B/Ai) 

(A 4 . 1 ), 



where A, and B are different events, and A^ means the 
event “not-A,.” 



Table A 4.1. Example of a zygosity diagnosis 



Father Mother Both twins 



Sex 

Blood 

groups 



Serum 

proteins 

Isoenzymes 



6 

A2 

MS/Ms 

Kk 

Fy(a + b + ) 
R,r 

Glm(-l) 

Km(-l) 

HP 2-2 
GC 2-2 

AGP B 
PGMl 2-1 
AKl 1-1 



? 

0 

MS/Ms 

kk 

Fy(a-b + ) 
R,r 

Glm(-G-2) 

Km(-l) 

HP 2”2 
GC 2-1 

ACP AB 
PGMl 2-1 
AKl 1-1 



d 

MS/MS 

Kk 

Fy(a-b + j 
rr 

Glm(-l,-2) 

Km(-l) 

HP 2-2 

GC 2-1 

ACPAB 
PGMl 1-1 
AKl 1-1 
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Table A 4.2. Calculations for the data from Table A 4.1 





^DZ 




A priori probability 


0.70 


0.30 


Conditional probabilities'^ 
Sex 


0.50 


1.00 


ABO 


0.50-1.00 


1.00 


MNSS 


0.25 


1. 00 


Kell (K) 


0.50 


1.00 


Duffy (Fy) 


0.50 


1.00 


Rhesus (Rh) 


0.25 


1.00 


GC 


0.50 


1.00 


ACP 


0.50 


1,00 


PGMI 


0.25 


1.00 



^ Conditional probability of the second twin being phenoty- 
pically identical with the first for given phenotype of the 
first twin. 

L = — X 0.5 X 0.25 X 0.5 x 0.5 x 0.25 x 0.5 x 0.5 x 0.25 
0.3 



= 0.0011 



A priori sex MNSs K Fy Rh GC AGP PGMi 
P(AJB) = 0.9989 



Table A 4.3. Random mating table for a system of two alleles 
(from Maynard Smith and Penrose 1955 [86] 



Mating 


Frequency 


Children 








AA 


Aa 


aa 


AA X AA 


P" 


P' 






AA X Aa 


4p>q 




ip^q 


- 


AA X aa 




- 


Ip^q^ 


- 


Aa X Aa 




pW 






Aa X aa 


Apq^ 


- 


2pq^ 


2pq^ 


aa X aa 




- 


~ 


h' 


Total 


\ 




ipq 





AKj. For most other markers the mating types and 
hence the expected segregation ratios among the chil- 
dren are obvious. For example, in the GC system the 
father is homozygous 2-2, and the mother is hetero- 
zygous 2-1. Therefore the expected segregation ratio 
among the children is 1 : 1, and if twin 1 has type 2-1 
and the twins are dizygotic, the probability for twin 
2 to be 2-1 as well is 0.50. For the ABO types, the si- 
tuation is not as obvious since the father (phenotype 
A^) may have the genotypes A^A^ or A^O. If he is 
A^A^, both twins must have the phenotype A^ even if 
they are dizygous. If he is A^O, the probability of the 
second twin being A^ too is 0.50. Sometimes the gen- 
otype of the parent may be established, for example, 
by another child showing type 0. Otherwise the ABO 
blood groups may be regarded as uninformative and 
omitted. For the other systems the calculation pro- 
ceeds as follows (Eq.A4.3): 

Hence the probability that the twin pair is dizygotic 
in spite of its concordance in all informative marker 
systems is extremely low (0.9989). For all practical 
purposes monozygosity can be assumed. Inclusion 
of additional marker genes increases the probability 
that a pair of twins are monozygotic. 

Genotype of the Parents May Not Be Known. In the 
cited example, genetic markers were known not 
only in the twin pair but also in the parents. In 
many cases, however, the parents are not available 
for examination. Under these circumstances, the 
known gene frequencies of the marker systems in 
the population can be used for the calculation. The 
rules have been set out by Maynard Smith and Pen- 
rose (1955) [86]. The conditional probability P, DZ 
of twin 2 having the same phenotype as twin 1 if 
this twin has phenotype i is calculated from the fre- 
quencies of mating types in the population (Ta- 
ble A 4.3) and from the relative number of children 
with different genotypes expected from these mat- 
ings. These tables can be used not only for the classi- 
cal polymorphisms for which they were designed but 
also for DNA polymorphisms. Most investigators 



Table A 4.4. Sib-sib frequencies for a system of two alleles (from Maynard Smith and Penrose 1955 [86] 



Sib 


Genotypic 








Sib 


Phenotypic 








AA 


Aa 


aa 


Total 




A 


a 


Total 


AA 

Aa 

aa 


v^p^d +p)* 


'IzP^q (i + p) 
pqU +pq) 

+ q) 


'/,J>q^l +q) 

'Uq^ii+qy 


2pq 


A 

a 


P(1 + q)-'/4pq^(3 + q] 
(3 + q) 


'lApq ^{3 + q) 
+ qV 


p(i +q) 
q^ 


Total 


pi 


2pq 




1 


Total 


p(l + q) 


q^ 


1 
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who plan a twin study prefer DNA polymorphisms 
simply because they are much less time consuming 
and expensive. Moreover, the PCR technique does 
not require blood since DNA can be studied in cells 
from buccal smears. However possible technical er- 
rors and, especially, the risk of misclassifying DZ 
twins as MZ because they have identical patterns 
should be considered carefully. The formula for P 
(conc)/DZ) for a codominant marker system with 
n alleles and allele frequencies can be derived in a 
straightforward way by setting up a random mating 
table (Table A 4.3 See also Tables 4.4, 4.5) and calcu- 
lating the frequencies for two concordant children 
for each parental mating type. Summation over all 
mating types and some algebraic transformations 
yields: 



P(conc/DZ) = 




n ( n \2 



i = 1 



U = 1 




An equivalent formula (which needs more computa- 
tional effort) has been derived by Selvin. More 



Table A 4 . 5 . Relative chances in favor of dizygotic twin pairs 
in a system of two alleles (from Maynard Smith and Penrose 

1955 [86] 



Genotypic 


Phenotypic 


TVin 


Relative chance 


Twin 


Relative chance 


pair 


in favor of 


pair 


in favor of 


both 


dizygotic twins 


both 


dizygotic twins 


AA 




A 


+ q)/(l + q) 


Aa 


%{i+pq) 






aa 


+ qf 


a 


’/,(1 + # 



complex marker systems do not necessarily have 
lower misclassification probabilities. It depends on 
whether there are alleles with high frequencies. 
P(conc/DZ) takes on its minimum value when = 
iln. For a given set of markers the expression must be 
calculated for each and multiplied to obtain the mis- 
classification probability for this special system. Be- 
low we present an example. 

A set of VNTR markers has been made available 
(Table 4.6). (We thank Professor J.-J. Cassiman, Leu- 
ven, for kindly providing us with this table.) All six 
have many alleles and fulfill all other conditions for 
useful systems; for example, the bands can be easily 
identified by polyacrylamide gel electrophoresis, 
and the mutation rate is low. Moreover, they have 
been used extensively for identification of indivi- 
duals and in cases of disputed paternity in forensic 
medicine [18 a] . Other markers can of course also 
be used, the only condition being that MZ twins 
show 100 % identical patterns, and that the probabil- 
ity of misclassifying DZ for MZ twins is very low. 
For the marker system presented in Table A 4.6. to- 
gether with sex the misclassification probability is 
2.9 X 10“^, which is sufficiently low for many purpo- 
ses. Determining the probability level of statistical 
error depends on the consequences of misclassifica- 
tion. If, for example, as twin pair is tested for mono- 
zygosity because one of them has developed a genet- 
ic disease, more markers or, of course, the marker 
information from the parents may be preferred (see 
also Fig. A 4.1). 

On the other hand, if twins are identical for these 
markers and for sex, their probability of being mono- 
zygotic is at least 98.97%. This value can be derived 
approximately by calculating the MZ-probability for 
twins which are monozygotic and carry the most fre- 
quent allele for every used marker. When used in 




1 = DXYS17 

2 = DISin 

3 = D17S5 

4 = APOB 

5 - D1S118 

6 ^ IGHJ 

m = 123 bp ladder (BRU 



Fig. A 4 .ia,b. Diagnosis of zygosity with six VNTR markers third band due to heteroduplexes (Courtesy Professor Cassi- 
(see also the text), a MZ pair, b DZ pair. Some runs show a man and Dr. Decorte, Leuven) 
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Table A 4.6. Allele frequencies and their 95% confidence limits for the VNTRs D1S118, APOB, D17S5, DiSiii, IGHJ, and DXYS17 
in a population of Belgian origin (Courtesy of Prof. Cassiman) 



DlSll8(n = 446) 




APOB {n 


= 307) 




D17S5 in 


= 460) 




AlJele 


Frequency 


Confidence 

limit 


Allele 


Frequency 


Confidence 

limit 


Allele 


Frequency 


Confidence 

limit 


11 


0.004 


0.001-0.017 


29 


0.003 


0,001-0.020 


01 


0.054 


0,036-0,080 


12 


0.037 


0.023-0.060 


31 


0.094 


0.065-0.135 


02 


0.151 


0,120-0,189 


13 


0.013 


0.006-0.030 


33 


0.064 


0,040-0.099 


03 


0,171 


0,138-0.210 


14 


0.188 


0.153-0.229 


35 


0.237 


0.192-0.291 


04 


0.274 


0,232-0.318 


15 


0.535 


0.485-0.581 


36 


0.003 


0.001-0,020 


05 


0,039 


0,024-0.062 


16 


0.058 


0.039-0.085 


37 


0.370 


0.315-0.428 


06 


0,035 


0,021-0.057 


17 


0.098 


0.072-0.130 


39 


0.044 


0,025-0,075 


07 


0.015 


0,007-0.032 


18 


0.004 


0.001-0.017 


41 


0.015 


0,006-0,037 


08 


0.030 


0.018-0.052 


19 


0.053 


0.035-0.079 


43 


0.005 


0,001-0,022 


09 


0.080 


0.058-0.111 


20 


0.007 


0.002-0.020 


45 


0.008 


0,002-0.027 


10 


0.074 


0.052-0.103 


21 


0.001 


0.000-0.01 1 


47 


0.046 


0,027-0.077 


11 


0.022 


0,011-0.041 


22 


0.001 


0.000-0.01 1 


49 


0.086 


0.059-0.125 


12 


0.048 


0,031-0.073 


31 


0.001 


0.000-0.01 1 


51 


0.020 


0.009-0.044 


13 


0.005 


0.002-0.018 








53 


0.005 


0.001-0.022 


16 


0.002 


0.000-0.013 


Disni 


(n = 463) 




IGHJ {/t- 


= 447) 




DXYS17(n = 420) 




Allele 


Frequency 


Confidence 


Allele 


Frequency 


Confidence 


Allele 


Frequency 


Confidence 






limit 






limit 






limit 


09 


0.015 


0.007-0.033 


07 


0.007 


0.002-0.021 


H2 


0,001 


0,000-0,013 


10 


0.022 


0.011-0.041 


08 


0,173 


0.139-0.214 


HI 


0.054 


0,035-0,082 


11 


0.008 


0.003-0.022 


09 


0,021 


0.011-0.041 


G5 


0.001 


0,000-0,013 


12 


0.111 


0.084-0.148 


10 


0.383 


0.335-0.430 


G3 


0.013 


0,005-0.031 


13 


0.005 


0.002-0.019 


U 


0,002 


0.000-0,014 


G2 


0.008 


0.003-0.024 


14 


0,006 


0.002-0.020 


12 


0.242 


0.202-0.286 


Gl 


0.219 


0,179-0,265 


15 


0.339 


0.293-0.386 


14 


0.001 


0,000-0.012 


F 


0.180 


0.143-0.223 


16 


0.014 


0.006-0.031 


16 


0.151 


0.119-0,189 


E2 


0.147 


0,1 14-0,] 87 


17 


0.028 


0.016-0,050 


17 


0.011 


0,005-0,027 


El 


0.096 


0,070-0.132 


18 


0.290 


0.247-0.336 


19 


O.OOl 


0,000-0,012 


E3 


0.008 


0,003-0.024 


19 


0.063 


0.043-0.091 


20 


0,001 


0,000-0.012 


E4 


0,001 


0,000-0.013 


20 


0.019 


0.010-^0.038 


22 


0,002 


0.000-0.014 


D2 


0,006 


0.002-0.021 


21 


0-043 


0.027-0.068 


23 


0,003 


0.001-0.015 


D1 


0,002 


0.000-0.015 


22 


0.025 


0.013-0.045 


24 


0,001 


0.000-0.012 


C 


0,024 


0.012-0.045 


23 


0.002 


0.000-0.014 


30 


0,001 


0.000-0.012 


B2 


0,001 


0.000-0.013 


24 


0.003 


0.001-0,015 








B 


0,010 


0.003-0.026 


25 


0.003 


0.001-0,015 








Al 


0.217 


0.177-0.262 


26 


0.002 


0.000-0.014 








A 2 


0.010 


0.003-0.026 


27 


0.002 


0.000-0.014 








A3 


0,002 


0.000-0,015 



n, Number of individuals 



other population groups, allele frequencies of these 
markers should be checked. 

Methods from Classic Anthropology, A fairly reliable 
method for distinguishing MZ from DZ twins was 
available even before most genetic polymorphisms 
were known. This was established by Siemens in 
1924 [81, 82] and is based on the comparison of twins 
in a great number of visible physical characteristics 



and on anthropological measurements. The following 
characteristics have proven useful: color, form, and 
density of hair; shape and proportions of face; de- 
tailed structure of facial regions such as the eye, in- 
cluding eyebrows, color and structure of the iris; de- 
tails of the nose and mouth region; chin, ears, shape 
of hands and feet; dermatoglyphics; color and struc- 
ture of the skin, including freckling. Various anthro- 
pometric measurements of the body, head, and face 
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Table A. 4.7. Random mating table for a system of n alleles with the probability of identical twins 



Mating type 


Frequency 


Children 


Probability of identical 
twins 


AiAi X AiAi 


Pi 


AiAi 


1 


AiAi X AjAj (] ^ i < j f?) 




AiAj 


1 


AiAi X AjAj( (1 ^ j < k ^ ;i) 


¥,P;Pk 


|AiAj + JAIAk 


4 


Ai Aj X AiAj ^ \ ^ rt) 




^AiAi + ^AiAj + ^AjAj 


1 


AiAj X A^A^^ (I ^ i < j ^ 

1 k e Ft, 

(i, j) * (k, e) 


^PiPipKP. 


^AiAt + ;|AiA, + ^AjAt + ^AjA^ 


\ 




Fig. A 4.2 a, b. MZ triplets at the age of 10 



are also helpful. The anthropological literature pro- 
vides lists of informative characteristics. The experi- 
enced investigator bases his diagnosis less on the 
comparison of single characters as on the whole ge- 
stalt. Comparison of anthropological and serological 
methods shows no divergence between the two ap- 
proaches [74]. 



This does not mean, however, that zygosity diagnosis 
based on physical characters is always easy. Due to dif- 
fering living conditions MZ twins may sometimes look 
so different that the layman would not even recognize 
them as sibs, and only painstaking anthropological ex- 
amination identifies them as monozygotic. On the 
other hand, DZ twins, as other sibs, may occasionally 
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/ 







Fig. A 4.3 (left), A 4.4 (right). Physiognomic details of the MZ 
triplets shown in Fig. A 4.1 



''1 




look very similar. Figures A4.2-A4.4 give an impres- 
sion of the degree of similarity found in MZ, as com- 
pared with (very similar) DZ twins (Fig. A 4.5). 

How Should We Proceed in Practice? From the above 
discussion it seems as if a comprehensive study of 
marker systems - DNA or classical - would be the 
most appropriate and also a sufficient method for 
reliable zygosity diagnosis. This conclusion, how- 
ever, needs some qualification. On the one hand, la- 
boratory methods are not immune to errors. An er- 
ror in only one marker in only one of the two twins 
will lead to misclassification of an MZ pair as dizy- 
gotic. The investigator should therefore trust his 
eyes. Wherever possible he should add (and docu- 




ment) a physiognomic comparison of the twin pair 
and should insist on repetition of laboratory exami- 
nations whenever a twin pair is regarded as monozy- 
gotic in spite of discordance in a marker system. 
Sometimes, especially if a well-equipped DNA la- 
boratory is not available, assistance by an experi- 
enced physical anthropologist may be helpful. As a 
general rule, twins whose physical appearance led 
to identity mix-ups by teachers and others are al- 
most always MZ in type. Anthropological diagnosis 
requires experience and judgment; it is therefore 
more subjective. DNA diagnosis, on the other hand, 
is objective, but laboratory errors are possible. 

Twin examination ideally also includes a registration 
of placentation and embryonic membranes: DZ 
twins have two placentas, two amnions, and two 
chorions, whereas MZ twins may have one chorion 
or even one amnion and one placenta. As discussed 
in Sect. 6.3.3, presence of only one chorion may be 
harmful for intrauterine development of MZ twins. 
In practice, however, reliable information is only 
rarely available, and DZ twins may have a single 
fused placenta which resembles that of MZ twins. 
The attempt to include such data into zygosity diag- 
nosis is therefore often futile and may be mislead- 
ing. 
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Fig. A 4.5 a, b. DZ twins at the age of 19. Note the conspicuous similarity 
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Heritability Estimates from Twin Data 



The concept of heritability is discussed in Sect. 6.1, 
and methods are presented for estimating heritability 
in threshold characteristics. The criterion is the ratio 
between the incidence in close relatives of affected 
probands and that in the general population. In a 
continuously distributed characteristic, such as stat- 
ure, heritability is calculated by comparing parents 
and children. 

Twin data can be utilized as an alternative way to get 
heritability estimates. In Sect. 6.1, heritability is de- 
fined as 




i. e., the ratio of the additive genetic variance ( V^) to 
the total phenotypic variance (Vp). It was noted that 
in human genetics is often referred to as “herit- 
ability in the narrow sense,” and is contrasted with 
H^=VqIVp (heritability in the broad sense; also 
called the degree of genetic determination), where 
Vq is the total genetic variance including dominance, 
epistasis, and interaction variance. 

In this appendix the estimation of heritability, is 
restricted to twin data. It is not possible to estimate 
Vjyy the dominance variance, from twin data alone. 
Furthermore, Vp, is usually negligible compared to 
[54]- Thus the error in assuming that the total ge- 
netic variance (V^^) is identical to the additive vari- 
ance (V^) is likely to be small. We therefore make 
the assumption of Vq = V^, and therefore: 

= ^ (A 5.1') 

Vp 

As shown in Sect. 6.1: 

Vp=V^^V^+Vp+V,^ V^ + Cov^P 

Here, Vp = environmental variance, Vj = variance due 
to interaction between heredity and environment, 
and = the variance between repeated measure- 
ments of the same characteristic, representing either 
truly different values - such as blood pressure on dif- 
ferent days - or in the case of a constant characteris- 
tic, measurement errors. Cov^^ is the covariance be- 
tween the genetic and environmental components of 
the phenotypic value. Heritability estimates from 



twin data require that Vj and Covqp be 0. This as- 
sumption is not realistic in most cases, especially in 
behavioral genetics, but estimation of these parame- 
ters, if they deviate from 0, poses almost unsuperable 
practical difficulties. The measurement variance, V^, 
should, however be considered but is often disregard- 
ed in many twin studies. Equation A 5.1 becomes: 



h^ = 



Vg 

Vg + Vp+ Vm 



(A5.1') 



It may be appropriate to omit the measurement vari- 
ance: 



h'^ = 



Vg 

Vg + Vp 



If Coyqp = o, the following relation exists between the 
correlation coefficient Vp p of the phenotypic values 
Pj, of two relatives, the correlation coefficient of 
their genotypic values G^, G^, and the correlation 
coefficients of their environmental values E^: 



rp p, = r, 



G, G, 



h^ + r 






with 




In analogy with heritability, E^ may be called the “en- 
vironmentability.” The correlation coefficients can be 
defined as intrapair correlations if the two relatives 
are twins: 

^p, Mz = + ^E, for MZ twins (A 5.2) 

^p, Dz = '"g, Dzh^ + dzE^ for DZ twins (A 5.3) 

Here we use the theoretical genotypic correlation 
^G,Mz> which is i for MZ twins, (Sect. 6.1). 

If the environmental correlation between the twins of 
an MZ pair is taken to be identical to the environ- 
mental correlation between the twins of a DZ pair, it 
follows that: 



^2 _ MZ ~ DZ 
f ~ ^G, DZ 



(A 5.4) 



This expression is known as the H index (Holzinger). 
The phenotypic intrapair correlation coefficient is 
given by: 
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^P, twins 



Vp 

7 ^ + y^ 



To test the latter hypothesis the fact is used that un- 
der this hypothesis 



where Vp = phenotypic variance between pairs and 
= phenotypic variance within pairs. 

The variance components Vp and V^ can be estimated 
from the phenotypic values pi^ (z = 1, 2, . . n) 
observed on n twin pairs: 



z=l/2log,i±^5^-l/2log,i±|^ 

A ^P,MZ A — Tp D2 

has approximately a normal distribution with mean o 
and variance 



V^=DQ^, 

y|=(DQp-DQJ/2 



(A 5 . 5 ) 



+ - 



^MZ ~ ^2 ^DZ “ V: 



Here DQ^ and DQp are the within-pairs 
pairs mean squares: 


and between- 


from z2mz MZ pairs and DZ pairs. 








Estimates for h^ (and h'^): 




(A 5 . 6 ) 


_ V'^{DZ) - V^{MZ) 
' V^iDZ) - 


(A 5 . 12 ) 


j py 

i 7 = 1 

with 


(A 5 . 7 ) 


• 2_ V'^(CP) - V'^(MZ) 
' y^(CP) - Vm 


(A 5 . 13 ) 



Pi. - (Pil + = mean phenotypic value for the z-th 

pair 

Pi = total mean of all measurements 
in the twin sample 



To estimate (or h'^), the intrapair variances are re- 
placed by their estimates from the analysis of vari- 
ance. An exact formula for the standard error of these 
two estimates of does not exist. If Vj^ is neglected 
compared to y p the following formula holds approxi- 
mately: 




For the actual calculation, the following formula may 
be used instead of Eq. A 5.7: 



DQb = 



1 

2{n - 1) 





(A 5 . 7 ') 



with = Pi, + pi^ (1 = 1, 2, . . ., n). 

The variance component Vp may be decomposed in 
the following way: 

V^= Va(l - + Vp(l - rp,^i,3) + (A 5 . 8 ) 

This equation can be applied to MZ pairs, DZ pairs, 
or unrelated control pairs from the general popula- 
tion (CP). 



y^(MZ) = Vp(l - rp,Mz) + (A 5 . 9 ) 

y^(DZ) = Vail - rG,Dz) + Vp{l - (A 5 . 10 ) 

y^(CP) = Va-\-Vp+Vp=V^ (A 5 . 11 ) 

For further analysis two steps are suggested. First, 
one should examine whether deviates significantly 
from 0; then should be estimated. 



Testing of the Null Hypothesis (h^ = o). Under the as- 
sumption rpMz = '^E,DZ follows from Eqs.A5.2 and 
A 5.3 that the hypothesis h^ = 0 is equivalent to the 
hypothesis: 



^P,MZ “ ^P,DZ 



c i: 2 _ -,,72 «i(«l - 1)(«1 + «2 - 4) 
nl(n, - 3)Hn, - 5 ) 



(A 5 . 14 ) 



where F means the observed value of the ratio V^ 
(MZ)/y^ (DZ) or V^ (MZ)/y^ (CP), and n,, zz, are 
the number of pairs from which variances in nu- 
merator and denominator have been estimated. 
Apart from sampling errors the estimates by Eqs. 
A 5.12 and A 5.13 are biased, as is now explained in 
detail: 

Equation A 5.12: If environmental correlations be- 
tween MZ and DZ are taken to be identical: 
^EMz - ^£,DZ> it follows from Eqs. A 5.9 and A 5.10: 



^g( 1 ~ ^G,Dz) 

^g( 1 ~ ^G,Dz) "*■ ^p(l ~ ^£,Dz) 

_ ^'2 1 ~ ^G,DZ 

1 ~ ^G,DZ + (1 ~ ^ )(^G,DZ ~ ^£,Dz) 



Hence h\^h^y if ^ ^g,dz* 

Therefore h\ overestimates /z^, if because 

always h^ ^ h'^. For other cases no prediction of the 
bias of h, in estimating h^ is possible. 

Equation A 5.13: It follows from Eqs. A 5.9 and A 5.11 
that: 



hi = ^ (J _ h'ly > > ^2 

(Here r^^z ^ o is assumed). This means that h\ 
usually overestimates h^. 
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These two estimates for use exclusively intrapair 
variances. Frequently is also estimated from intra- 
pair correlation coefficients^ which have been calculat- 
ed using the variance of the whole sample of MZ or 
DZ twins, i. e., also the variance between twin pairs. 
From Eq.A5.4, the following estimation formula can 
be derived: 



h\ = 2(rp^ 



'jRDZ/ 



(A5.15) 



This assumes that = 1/2, which holds true only if 
mating is random, and there is neither dominance 
nor epistasis. In practical terms the condition is at 
best only approximately fulfilled; moreover, it is un- 
known whether rQ ^^z > 1/2, or Therefore 

the bias in estimating from Eq.A5.15 cannot be 
predicted. 

A correction is possible if r^^Dz > 1/2 due to assorta- 
tive mating and there is neither dominance nor epis- 
tasis. The standard error of the estimate can be cal- 
culated only very approximately: 



S,E.\hl) - 4 



(1 



(1 ^P,Mz) • P,DZ^ 

^MZ ^DZ 



(A5.16) 



Comments on These Methods of Heritahility Estima- 
tion. The above considerations show that an unbiased 
estimate of h^ from twin data is impossible even if 
such components as covariance between heredity 
and environment (Cov^^) and the interaction term 
Vj are neglected, and if the very unlikely assumption 
of identity is made between the environmental corre- 
lations r^^MZ ^E,DZ> common environmen- 

tal influences affecting MZ pairs and DZ pairs. Even 
with these oversimplifying assumptions there remain 
systematic errors that can be only partially control- 
led. 

An empirical way to overcome this difficulty partially 
is to calculate alternative estimates from the same 
data to determine how well they coincide. The three 
alternative estimates proposed above can be charac- 
terized as follows: h^ is calculated from the classic 
comparison of MZ and DZ twins. The bias of this es- 
timate includes the genotypic correlation between 
sibs, rg j)2- This value is with random mating. 
With regard to many characters for which heritahility 
estimates are used, for example, intelligence quotient 
or stature, mating is, however, known to be assorta- 
tive. The direction and the degree of bias depends 
on the difference in genotypic and environmental 
correlations between the sibs, which is usually un- 
known. Therefore the heritahility estimate based on 
control persons {hf) may be a useful second choice, 
although depending on environmental correlations 
^E,Mz ^E,Dz nieans that h^ is overestimated system- 
atically. 

The additional comparison of control pairs was pro- 
posed by Vogel and Wendt in 1956 [92] but this has 



apparently never been used since then. A similar pro- 
cedure was suggested by Kamin (1974) [43]. Control 
pairs from twin samples can easily be matched for 
age and sex, thus eliminating variance components 
contained in most twin samples but without signifi- 
cance for the problem to be examined. 

This nuisance variance is the main argument against 
using the estimate from the intraclass correlation 
coefficients (/zp, which contains these additional vari- 
ance components unless the twin samples are very 
homogeneous, for example, a single cohort of army 
conscripts. The problem is taken up in Sect. 15.2.1.3. 

Heritahility of IQ as an Example. The twin sample 
consists of 50 German adult male twin pairs (25 MZ 
and 25 DZ) aged between 23 and 30 years. The twins 
were military conscripts, and the sample was there- 
fore unbiased regarding socioeconomic status, educa- 
tion, and test intelligence. In this sample the Intelli- 
gence Structure Test (1ST; Amthauer) [93] was admi- 
nistered. Here only the total intelligence score, cor- 



Table A 5.1. Total intelligence scores observed in twin pairs 





MZ 

Pair 


pairs 

no. 






DZ pairs 
Pair no. 




(i) 


Pn 


Pii 


IPii Pa\ 


(i) 


Pn 


P 12 


\pirpA 


1 


107 


105 


2 


1 


86 


98 


12 


2 


88 


80 


8 


2 


112 


100 


12 


3 


89 


102 


13 


3 


89 


84 


5 


4 


96 


110 


14 


4 


125 


128 


3 


5 


84 


84 


0 


5 


105 


99 


6 


6 


100 


89 


11 


6 


90 


84 


6 


7 


87 


78 


9 


7 


103 


98 


5 


8 


79 


87 


8 


8 


91 


102 


11 


9 


96 


97 


1 


9 


94 


84 


10 


10 


111 


113 


2 


10 


97 


107 


10 


11 


114 


114 


0 


11 


112 


109 


3 


12 


106 


111 


5 


12 


106 


110 


4 


13 


114 


113 


1 


13 


90 


85 


5 


14 


120 


117 


3 


14 


98 


100 


2 


15 


110 


107 


3 


15 


116 


104 


12 


16 


87 


87 


0 


16 


78 


79 


1 


17 


92 


93 


1 


17 


104 


115 


n 


18 


103 


101 


2 


18 


95 


113 


18 


19 


107 


99 


8 


19 


113 


115 


2 


20 


00 


84 


1 


20 


84 


83 


1 


21 


99 


105 


6 


21 


UO 


109 


1 


22 


86 


95 


9 


22 


98 


93 


5 


23 


107 


101 


6 


23 


77 


85 


8 


24 


122 


117 


5 


24 


76 


86 


10 


25 


U8 


115 


3 


25 


117 


117 


0 










26 


117 


no 


7 


Xyi 






5009 








5180 


lyj 




1017589 








1048268 


^(Tii 


- P 12 ) 


2 


1005 








1628 
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reeled for age, is considered; this score is proportion- 
al to IQ. The following procedure was used to con- 
struct a set of control pairs with intrapair age differ- 
ences as small as possible. All twin pairs, regardless 
of zygosity, were arranged in ascending order of age. 
In this arrangement the first and second pairs, the 
third and fourth pairs, and so on were combined as 
quadruples that were transformed into two new 
pairs, each by exchanging one co-twin between the 
original pairs; the co-twins to be exchanged were se- 
lected at random. The observed value pairs of total 
intelligence score and the quantities 

Zyfy and ^{pn-p^Y derived from them (for nota- 
tions see the foregoing text) are given in Table A 5.1 
for the twin pairs and in Table A 5.2 for the control 
pairs. 

From these tables one calculates: 



a) For MZ pairs 



According to Eq. 

p (A5.6) 

DQb = (1,017,589 - 5,009V25)/48 = 291.370 (A5.7) 

(A5.5) 

135.635 



= 1,005/50 = 20.100 



Vf = (291.370 - 20.100)/2 = 135.635 



rp\A7 ~ ' 



= 0.871 



135.635 + 20.100 
Confidence limits (99%) for V2 log^ 

1 



1 + r 



P,MZ . 



1+0.871 

~r= 

^ 1 - 0.871 \/25 - 1.5 

to which correspond 

^2 X 0.805 _ 1 ^2 X 1.869 _ i 

^ =0.667, ^ 



1 ~ ^P,MZ 

= 0.805 and 1.869 



^ 2 X 0.805 _|_ J 

as confidence limits for 
b) For DZ pairs: 



+ 1 



= 0.954 



P,MZ- 



DQb = (1 048268 - 5,180V26)/50 = 325.052 
= (325.052 - 31.308)/2 = 146.872 
146.872 



^P,DZ “ ■ 



= 0.824 



146.872 + 31.308 



Confidence limits (99 %) for V2 log^ 



f + ^P,DZ . 
1 rprt? 



1 + 0.824 

^ h\oge ± 2.58 X 

^ - 0.824 



V26 - 1.5 



= 0.648 



1.690 



with corresponding confidence limits 
0.570 and 0.934 



for rpDz. 



and 



Table A 5.2. Total intelligence scores observed in control 
pairs (see text for choice of control pairs) 



Pair 


no. 






Pair 


no. 






(0 


Ai 


Pa 


\P\rPi2\ 


(i) 


Pa 


Pa 


\pii Pa\ 


1 


89 


88 


1 


26 


113 


78 


35 


2 


102 


80 


22 


27 


94 


89 


5 


3 


106 


114 


8 


28 


84 


84 


0 


4 


114 


110 


4 


29 


90 


100 


10 


5 


96 


114 


18 


30 


112 


84 


28 


6 


97 


113 


16 


31 


no 


109 


1 


7 


125 


86 


39 


32 


112 


107 


5 


8 


128 


95 


33 


33 


103 


76 


27 


9 


77 


83 


6 


34 


101 


86 


15 


10 


85 


84 


1 


35 


99 


117 


18 


11 


78 


101 


23 


36 


120 


105 


15 


12 


107 


79 


28 


37 


96 


87 


9 


13 


104 


93 


11 


38 


110 


87 


23 


14 


92 


115 


23 


39 


122 


105 


17 


15 


84 


99 


15 


40 


117 


99 


18 


16 


107 


83 


24 


41 


117 


113 


4 


17 


103 


no 


7 


42 


111 


117 


6 


18 


98 


109 


11 


43 


98 


86 


12 


19 


91 


97 


6 


44 


93 


98 


5 


20 


102 


107 


5 


45 


84 


106 


22 


21 


98 


115 


17 


46 


84 


111 


27 


22 


118 


100 


IS 


47 


107 


104 


3 


23 


95 


100 


5 


43 


116 


105 


11 


24 


113 


89 


24 


49 


90 


110 


20 


25 


87 


115 


28 


50 


117 


85 


32 



Syi 



10023 

2024211 

16659 



c) For the control pairs: 

V'^ = 16659/100 = 166.590 

DQs = (2024211 - 100232/50)798 = 153.066 

Vf = (153.066 - 166.590)72 = -6.762 



’P,C? 



-6,762 

166.590 - 6.762 



-0.042 



The above confidence limits for rpM2 and rp^z show 
that the intrapair correlation coefficient of IQ deviates 
significantly from o {P < o.oi) in both types of twins. 
This means that twins, regardless of their zygosity, 
are more similar in IQ than are two unrelated persons. 
This result - although expected if IQ has a genetic ba- 
sis - does not yet exclude the possibility of a purely 
nongenetic explanation because twins also partially 
share their environment. To examine this possibility, 
we test the hypothesis rp^^ = rp^^ (null hypothesis). 



2^ = ^2 log. 



1 + ^P,MZ 
1 ~ ^P,MZ 



- ^2 log. 



1 + ^P,DZ 
1 ~ ^P,DZ 



0.168 
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25 - 1.5 26 - 1.5 



= 0.0834 



Standard errors for these estimates can be calculated 
by Eq. A5.14: 



z/y^var z = 0.582 



SE(hl) = 0.301, SE (hi) = 0.045 



Under the null hypothesis the probability of a z value 
as extreme as or more extreme than the value found 
is greater than 10%. This means that from the com- 
parison of the intrapair correlation coefficients in 
our two twin series we cannot reject the hypothesis 
= o, i. e., that there is no genetic contribution to 
the variation of IQ in the population. Consequently 
the estimate for according to Eq. A 5.15: 

hi = 2(fpMz - fp^Dz) = 2 X (0.871 - 0 .824) = 0.094, 

also cannot be regarded as significantly different 
from o; this is confirmed by considering the standard 
error of h^: its approximate value, calculated by 
Eq.A5.16 is 0.159. It is possible that the difference in 
intrapair correlations of IQ in MZ and DZ twin pairs 
is biased, the between-pairs variance of IQ being, for 
some unknown reason, smaller in the DZ twins than 
in the MZ twins. In this case only the two estimates 
of based solely on within-pair variances must be 
used. However, even if there is no such bias - as ob- 
vious in our data - the calculation of these other esti- 
mates of (Eqs.A5.12 and A 5.13) is strongly recom- 
mended. In our case: 

^2 ^ V^jDZ) - Vf{MZ) ^ 31.308 - 20.100 ^ ^ 

' V'^(DZ) 31.308 

2 ^ yy(CP) - Vf{MZ) ^ 166.590 - 20.100 ^ ^ 

^ y^(CP) 166.590 

(The subtrahend in the denominators representing the 
variance between repeated measurements of IQ is omitted; 
here the test reliability of 1ST may be inserted.) 



giving (nearly) 95% confidence intervals 

- 0.23 to 0.95 for h\ 

and 

0.79 to 0.97 for h\ 

The two intervals overlap partially, but the subinter- 
val common to both is remote from by more than 
twice the standard error of the latter estimate, the 
three estimates for thus appearing incompatible. 
On the other hand, h\ presumably overestimates 
the assumption inherent in this estimation - that en- 
vironmental intrapair differences are identical for 
twins and unrelated control pairs - is incorrect. 
Thus the differences between the three estimates 
may be explained by this bias combined with sam- 
pling errors that, due to the small size of our twin 
series, are large. In any case these results are hardly 
compatible with the high values of heritability report- 
ed for IQ by some authors [39]. This example illus- 
trates the problems in estimating heritability from 
human twin data and should make one cautious of 
accepting such data for definitive scientific conclu- 
sions. 

For those interested in the use of more refined quan- 
titative-genetic models for the study of quantitative 
traits in twins the introduction by Eaves [19] is re- 
commended; this also discusses the enormous sam- 
ple sizes needed for such an analysis. 
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Genetic Counseling 



A Problem in Estimating Genetic Risks. As noted in 
Sect.18.1, the estimation of the genetic risk is based 
either on segregation ratios in Mendelian diseases or 
on empirical risk figures when the mode of inheri- 
tance is complex. The use of such figures for estimat- 
ing the specific risk to a certain proband or family is 
straightforward if no additional information is avail- 
able. For example, every future child of an affected 
member of the large Farabee family with brachydac- 
tyly (Sect. 4.1.2, Fig. 4.2) suffers a risk of 50 % for bra- 
chydactyly. However, there are many situations in 
which additional information should be included in 
the risk estimate. 

Example: Inherited and Sporadic Retinoblastoma. As 
noted in Chap. 10, retinoblastoma, a malignant eye 
tumor of young children, may occur either as a domi- 
nant disease with about 90 % penetrance or as a non- 
hereditary condition due to somatic mutation. In the 
latter case both parents - and all other family mem- 
bers - are unaffected, and the genetic risk for chil- 
dren is not higher than the incidence in the general 
population - about 1 : 15 000-1 : 25 000. Moreover, a 
somatic mutation always leads to unilateral retino- 
blastoma. However, about 10 % of sporadic unilateral 
cases are caused by mutation in the germ cell of one 
parent (who occasionally is also a germ cell mosaic). 
Parents and other family members are therefore also 
unaffected; however, the risk for every child of the in- 
dividual affected with sporadic unilateral retinoblas- 
toma to carry the tumor is now about 45 % (90 % pe- 
netrance with a 50% segregation ratio). Consider the 
following situation: A sporadic, unilateral proband 
asks about the genetic risks to his or her children. 
As a first step we may study the chromosomes with 
cytogenetic and molecular methods, for example, 
FISH (Sect. 3.1.3), since the client may have a small 
deletion in I3qi4. If no such deletion is found, and 
no other information is available, the risk of having 
children with retinoblastoma is 0.9 x 0 % (for the 
noninherited proportion) + 0.1 x 45 % (for the germ 
cell mutations) = 4.5 %. The situation becomes more 
complicated, however, if the proband already has 
one or more healthy children. If the disease had 
been caused by a dominant mutation, each of these 



children would have had a risk of 45 % to be affected. 
The fact that they are not affected therefore increases 
the chance of having the noninherited form of the 
disease and hence decreases the risk to future chil- 
dren. How can this risk be calculated? 



Probability of Being a Hereditary Case [89]. As noted, 
the prior probability of our proband being a heredi- 
tary case is P(H) = 0.1. If he is such a case the condi- 
tional probability that his first child would be unaf- 
fected (event [/), i.e., the probability that it is unaf- 
fected despite the fact that the proband carries the 
gene, is P(U/H) = 0.55. On the other hand, the prior 
probability that the proband is a nonhereditary case 
is P(not H) = 0.9. In this case, the conditional prob- 
ability that his child would be unaffected would be 
P([//not H) = 1, as there is (almost) no risk. From 
these considerations we can derive the formula for 
his posterior probability of being a hereditary case: 



P(H/U) = 



P(H) X P(U/H) 

P(H) X P(U/H) + P(not H) x P(Ulnot H) 



(A 6 . 1 ) 



Inserting the figure from our example leads to: 



P(H/U) = 



0.1 X 0.55 
0.1 X 0.55 + 0.9 X 1 



0.055 

0.955 



0.058 



Hence one unaffected child reduces the probability of 
the proband being a hereditary case from 0.1 to 0.058. 
The risk of his next child being affected is now: 

R2 = 0.058 X 0.45 = 0.0261 

or a reduction from 4% to 2.6%. With two nonaffect- 
ed children the conditional probability P(U/H) be- 
comes 0.55^ = 0.3025. Inserting into Eq. A 6.1 leads to 
P(H/U) = 0.0325, R^ = 0.015. For n children P(U/H) 
becomes 0.55^ The principle can easily be grasped 
by considering Fig. A 6.1. 



A Convenient Notation System and a Form of Graphic 
Representation. Murphy [61] suggested a clear and 
convenient system of notation that makes the calcula- 
tion described above more evident, especially for 
those who have difficulties with abstract mathemati- 
cal concepts. A table is constructed which visualizes 
the stepwise calculation. Table A 6.1 shows the above 
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Fig. A 6.1 a, b. Graphic representation of the risk calculation 
for children of parents with unilateral retinoblastoma, 
a Lightly shaded area^ the parents with hereditary retinoblas- 
toma 10% of all unilateral sporadic cases), b After the first 



child is born, 45 % of these parents ( = 4.5 % of all parents) 
are revealed as carriers of the hereditary form. Only ^3% 
or 5.8 % of the rest ( = first child normal) will be carriers of 
the genes for the hereditary form 



calculation for retinoblastoma. From the a posteriori 
probability of our client being a hereditary case 
(0.058) the probability that the first child will be af- 
fected can now be calculated as shown in the preced- 
ing paragraph: 0.058 x 0.45 = 0.0261 or 2%-3%. 

The principle of calculation can also be shown graph- 
ically (Fig. A 6.1); in this square the white area repre- 
sents the nonhereditary group and the lightly shaded 
area the hereditary cases. Once the first child has out- 
lived the risk period (the first few years of life), the 
parents of affected children, namely 45% of the he- 
reditary cases (Fig. A 6.1, dark area), are eliminated 
from the group of sporadic unilateral retinoblastoma 
patients as a whole. These 45 % have been clearly es- 
tablished as hereditary, with the corresponding con- 
sequence of a 45 % risk for subsequent children. The 
risk for clients with healthy children must now be 
calculated on the basis of the total area exclusive of 
the dark portion. The hereditary cases are now no 
longer represented by 10/100 squares but only by 5.5/ 

95.5 = 5.8%- 

If the client is a proven hereditary case, molecular 
analysis of the mutation in blood cells should be per- 
formed; prenatal diagnosis by studying genetic mar- 
kers (= indirect approach), and, in an increasing 
fraction of families, also by direct study of the muta- 
tion (= direct approach) is possible. 

Example: Huntington Disease. A healthy man at the 
age of 35 comes for genetic counseling; his father 
and his grandmother are affected with Huntington 
disease, and he is concerned about the risk for him- 
self and for his future children. Huntington disease 
is an autosomal-dominant disease with full pene- 
trance; the age at onset, however, varies between 
about 20 and 70 years of age (Sect. 4.1.2; Fig. 4.4). If 
the proband shows signs of the disease, the problem 



would be simple: each of his children has a risk of 
50 %. If he has not yet reached the age of manifesta- 
tion, the problem is also simple: he has a risk of 
50 %, and the risk to his children is 50 % of 50 %, or 
25 %. In fact, however, he has already passed through 
part of the manifestation period without being affect- 
ed. This increases his chance of being homozygous 
for the normal allele and of remaining unaffected. 
How does this situation influence the risk to his chil- 
dren? By the age of 35 about 30 % of all heterozygotes 
show clinical signs of the disease. This leads to the 
calculation in Table A 6.2; here we see that the child’s 
risk is reduced from 0.25 to 0.206. 

Such calculations can be performed in many other 
specific situations involving autosomal-dominant 
and recessive diseases (for a detailed discussion, see 

[27] ). 

Since mutations leading to Huntington disease can be 
identified by direct DNA analysis (Sect.3.1.3.8), such 
calculations will often be unnecessary. Many clients, 
however, wish not to know whether they are or are 
not carriers of a mutation that will eventually lead to 
Huntington disease; such clients many be interested 
in a risk figure that may be less than 50 %. 

Heterozygotes of X-Linked Recessive Diseases. This 
type of calculation has its most important practical 
application in counseling of women who are at risk 
of being heterozygous for an X-chromosomal reces- 
sive trait and therefore of having affected sons. Con- 
sider the pedigree in Fig. A 6.2 a. We are virtually cer- 
tain that Alma is heterozygous. Her daughter Barbara 
therefore also has a prior probability of 50 % of being 
heterozygous. This means a risk of 0.5 x 0.5 = 0.25 for 
any son to manifest the trait. If there is no further in- 
formation, the above values must form the basis of 
any counseling. 
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Table A 6.1. Probability calculation for recurrence risk of re- 
tinoblastoma; sporadic, unilateral case (see text) 

Client is a Client is a non- 

hereditary case hereditary case 

a) The a priori 
probability 
(the client's 
chance of 
belonging to 
either 
group) 

b) Conditional 
probability 
(that the first 
child will 
not be af- 
fected, given 
the group to 
which the 
parent be- 
longs) 

c) Combined 
probability 
(the chance 
that both a 
and b will 
occur) 

d) The a pos- 
teriori prob- 
ability (the 
client has a 
normal child 
and is/is not 
a hereditary 
case) 



Table A 6.2. Calculation of recurrence risk for Huntington 
disease: hypothetical case of 35 year old offspring of a patient 
with HD (see text) 





Client 

heterozygous 


Client 

homozygous 

normal 


Prior 

probability 


0.5 


0.5 


Conditional 
probability 
of not having 
clinical symp- 
toms 


0.7 


l.O 


joint 

probability 


0.5 X 0.7 = 0.35 


0.5 


Posterior 


0.35 

“ 0 41'’ 


0.5 


probability 
Risk to child: 0 


0.5 + 0.35 

.412 X 0.5 = 0.206 


0.05 -1- 0.35 



The situation is different in the pedigree of Fig. 
A 6.2 b. In this case Barbara already has a normal 
son. The conditional probability of having a normal 
son although she is heterozygous is 0.5. The calcula- 
tion is presented in Table A 6.3. 

The calculation is performed in a similar way if the 
pedigree is more complicated, for example, if Barbara 
has a daughter, and this daughter wants to know the 
risk for her sons, etc. In this case the posterior prob- 
ability of Barbara’s being heterozygous is used to cal- 
culate the prior probability for her daughter. For a 
number of specific examples, see [27]. 

A basically new situation occurs when the carrier of 
the disease concerned is a sporadic case (Fig. A 6.2 c). 
In this case he may either be a new mutant, when his 
mother is homozygous normal, and there is no in- 
creased risk to sons of his sisters; or the mother is 
heterozygous, in which case his sisters also have a 
prior probability of 0.5 of being heterozygous. As 
noted in Sect. 9.3, the proportion of new mutants 
among the bearers of a (rare) X-linked recessive con- 
dition is: 

2fx + V 

if= relative fertility of trait bearers in relation to the 
general population; \x = mutation rate in female germ 
cells; V = mutation rate in male germ cells). When 
mutation rates are equal in the two sexes, and when 
/ = 0, the formula is reduced to m = V3. This means 
that the mother has a prior probability of two-thirds 
of being heterozygous. This leads to the risk calcula- 
tion for Barbara’s son as presented in Table A 6.4. 

This simple calculation holds true only when the two 
above conditions (\i = v;f=o) are fulfilled, and when 
there is genetic equilibrium between mutation and 
selection. This is approximately true in Duchenne 
muscular dystrophy, the most common X-linked re- 
cessive disease in most centers. For other mutations, 
such as hemophilia A and HPRT deficiency, mutation 
rates appear to be much higher in male than in fe- 
male germ cells (Sect. 9.3.4). Here the fraction m 
must be calculated on the basis of empirical 
evidence, v = 3 being a useful approximation since 
the male mutation rate is about 3 x as high as that in 
females. When no specific data are available, assum- 
ing a prior probability of 1 for Alma and for Bar- 
bara (Fig. A 6.4), may be a good choice (this overesti- 
mates the risk slightly). The genetic counselor should 
keep in mind - and should explain to the client - that 
~ 3-5 % of mothers of sporadic cases are gonadal mo- 
saics who may have a second affected son. Such mo- 
saics have been observed mainly in Duchenne disease 
but also in hemophilia. 

The following example is slightly more complicated 
(for other examples see [27, 61, 36]). Figure A 6.3 



O.i 



0.9 



0.55 



1.0 



0. 1 X 0.55 = 0.055 0.9 X 1 .0 = 0.9 



0.055 



0.055 + 0.9 



= 0.053 



0.9 



0.055 + 0.9 



- = 0.942 
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Risk for son: 0.5X0.5 = 0.25 

Fig. A 6 . 2 a-c. X-linked inheritance, Hypothetical pedigrees, a Risk to Barbara’s son: 0.5 x 0,5 = 0 . 25 . b Risk to Barbara’s son: 
0.333 X 0.5 = 0.167 (see Table A 6 . 3 ). c Risk to Barbara’s son: V 5 x = V^o 



Table A 6 . 3 . Calculation of recurrence risk for X-linked dis- 
ease: hypothetical case (see Fig. A 6.2 b and text) 



Barbara Barbara 

carrier not carder 



Pnor 

probability 

Conditional 

probability 

Joint 

probability 

Posterior 

probability 



0.5 0.5 

0.5 LO 

0.5 X 0.5 == 0.25 0.5 X 1.0 = 0.5 



0.25 

0.5 + 0,25 



0,333 



0.05 

0.5 + 0.25 



0.667 



Risk to son: 0.333 x 0.5 = 0.167 



shows the pedigree. Barbara has an affected and a 
normal brother, but she also has a sister, Bettina, 
who is the mother of two normal sons. Bettina is ei- 
ther a normal homozygote (V^ if Alma is heterozy- 
gous), in which case normal sons are to be expected, 
or she is heterozygous, in which case the conditional 
probability of having two normal sons is V^. This as- 
pect (Vj + X V2 = Vg) is included in the calculation 
of the conditional probability for Alma, in which her 
conditional probability of having an unaffected son 
if she is heterozygous is also considered. The evalua- 
tion is presented in Table A 6.5 (again for \i = v; 
f-o). 

These various calculations give the risk of the carri- 
er state based on the pedigree information alone. In 
actual practice, additional information based on bio- 
chemical studies and DNA studies can often be 
included to refine the estimate of risk. In Duchenne 



Table A 6 . 4 . Calculation of recurrence risk: for sporadic case 
of (lethal) X-linked recessive disease (see Fig. A 6.2 c) 





Barbara 

carrier 




Barbara 
not carrier 


Prior probability 




% 


'h 


Conditional probability 






1 


Joint probability 




■u 


% 


Posterior probability 




% 


=v 


Risk to son: 




^0 





muscular dystrophy (DMD), for example, the muta- 
tion of the affected brother can often be identified 
as a deletion if this brother is available for study, 
or if the mother can be examined. If there is no de- 
letion, the indirect method of DNA diagnosis using 
various polymorphisms could be applied. The dys- 
trophin gene is very large (Sect. 3.1.3); therefore sev- 
eral markers are necessary to avoid misclassification 
due to intragenic crossing over. A practical example 
follows: 

The example demonstrates how a statement about the carrier 
risk of two clients, derived only from pedigree information, 
can be drastically altered by additional use of DNA marker 
information (Fig. A 6 . 4 ). Subjects III , 1 and 111,2 had a de- 
ceased brother with DMD and want to know their risk of car- 
rying the mutant gene. Since their maternal grandmother 1,2 
also had a brother with DMD, she and her daughter 11,2 can 
be assumed to be obligate carriers of the mutation. Thus the 
prior probability of being a carrier is 50 % for both sisters 
III,i and III, 2 . For III,i this is the final pedigree risk of being 
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a carrier. For III, 2, considering her two normal sons decrea- 
ses her prior probability of being a carrier to 20 %, as shown 
by the calculation in Table A 6.6. 

When we examine the genotype pattern of the family mem- 
bers for the three DNA markers DysII, SIR 49, and Mz 18/19, 
we find that the loci of the first and last of these markers 
are situated at the proximal and distal ends, respectively of 
the DMD gene, while the locus of the second lies between 
these. The 2-1-2 haplotype of 11,2 must have been transmitted 
from her deceased father (I,i) since the mother 1,2 does not 
carry this haplotype. Since I2 and her daughter (11,2) have a 
brother and a son, respectively, with DMD, haplotype 3-3-1 
which is shared by mother and daughter carries the DMD 
mutation. Only one (III,i) of Il2’s daughters inherited the 
haplotype with the DMD mutation (3-3-1), the other daughter 
III,2 did not, unless a double crossing over transferred the 
mutation to the homologous chromosome, an event which 
has a very low probability. The noncarrier state of III,2 is ad- 




Fig. A 6.3. X-linked inheritance, risk calculation. Risk to Bar- 
bara’s son: V47 X V2 = V94 (see Table A 6.5) 



IV 



Fig. A 6.4. Linkage analysis in a DMD family with no living 
affected male for assessment of the carrier risk of the women 
III-i and III-2. The following PCR-detectable polymorphic 
markers were used: DysII (located at the very 5' end of the 
dystrophin gene); Str49 (located in the intron of exon 49), 
and Mz 18/19 (located at the 3' untranslated region). The wo- 
man 11,1 is a carrier since she has an affected son III,3. The 
only combination of markers which she has in common with 
her mother 1,2 is 3,3,1; this must have been the marker combi- 
nation of the mutation-carrying X chromosome of her affect- 



Indirsct assessment 




ed brother 1,3. It follows that the daughter III,i is most likely a 
carrier since she does have the marker combination 3,3,1. Her 
sister III,2, on the other hand, does not have the combination 
3,3,1; obviously, she has inherited from her mother the 
X chromosome with the combination 2,1,2, and from her fa- 
ther the 1,1,2 chromosome. It is therefore not surprising that 
her two sons are unaffected. (This argument ignores the un- 
likely possibility of double crossing over). (See text) (Cour- 
tesy of Dr. M. Cremer) 
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Table A 6.5. Calculation of recurrence risk in X-linked reces- 
sive inheritance: hypothetical case (see Fig. A 6.3) (For details 
see the text) 





Alma 

carrier 


Alma 

not carrier 


Prior probability 
Conditional probability 
Joint probability 
Posterior probability 


% 


7, 

1 




Barbara 

carrier 


Barbara 
not carrier 


Prior probability 
Conditional probability 
Joint probability 
Posterior probability 


% 

M7 


21 / 

1 

% 


Risk to Barbara’s son: 


X 

II 





ditionally confirmed by the Dys II types of her healthy sons; 
as the two sons show different types, she could be a carrier 
only if a further (single) crossing over had occurred in the 
formation of her gametes, in addition to the double crossing 
over in the gametogenesis of her mother. 

These considerations are corroborated by computation of the 
carrier probability for the two sisters using the computer 
program LINKAGE: depending on the actual position of the 
DMD mutation relative to the marker loci (which is not 
known) a value between 99.8% and 99.9% is obtained for 
the probability of III,i being a carrier, while the correspond- 
ing value for III,2 varies between o and 0.008%. For this 
computation the proportions of recombination between the 
marker loci were taken as 6% (between Dys II and Str49) 
and 4% (between Str49 and Mz 18/19). 

Hence inclusion of DNA marker information changes the 
previous uncertainty of the carrier status for both clients to 
almost complete certainty, in opposite directions. 

Similar considerations apply to the diagnosis of he- 
mophilia A and B carriers by identification of mu- 
tants at the DNA level, wherever possible, or by indi- 
rect diagnosis using DNA markers (Figs. A 6.5, A 6.6). 
In the hemophilias, only a small proportion of mu- 
tants have been identified as deletions; most are base 



Table A 6.6. Calculation of recurrence risk in X-linked reces- 
sive inheritance for a daughter of a DMD carrier with two 
normal sons (without DNA marker information) (see 
Fig. A 6.4) 





111,2 carrier 


III, 2 not carrier 


Prior 

probability 


'^2 


V, 


Conditional 
probability of 
two normal 
sons: 


X 


1 


Joint 

probability 


V, X = Vg 


7 : X 1 = '/3 


Posterior 

probability 


(V,)/{Vg + %) = % 


{%)/(%) + = % 



pair substitutions. This makes diagnosis more diffi- 
cult (Sect. 9.4). 

Until recently, biochemical studies of women at risk 
of being carriers were often performed using, for ex- 
ample, the muscle enzyme creatine phosphokinase 
in DMD and immunological determination of factor 
VIII in hemophilia A. Introduction of DNA methods 
is now making these methods largely superfluous. 
As shown by this example, risk computation might 
be complicated. Laboratories involved in counseling 
of such families are well advised to use a computer- 
ized system. Such systems are available. 

Recurrence Risks for Children of Unaffected Gene Car- 
riers in Autosomal Dominant Inheritance, Occasional- 
ly a clinically unaffected person who has relatives af- 
fected with an autosomal-dominant disease of low- 
ered penetrance seeks advice regarding the disease 
risk to his or her offspring. Regardless of the exact 
penetrance it has been shown that the clinical risk to 
children of a person at 50% genetic risk is never 
more than 9% [2366]. The reason for this is that the 
unaffected parent is unlikely to carry the gene in dis- 
eases with high penetrance. Conversely, in diseases 
with low penetrance, although the parent is a gene 
carrier, the chance of a child being clinically affected 
is small. 
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I 1 

Father 



1.2 

0,9 



12 

Mother 






■hmaaj. 



II 1 

Daughter 









II 2 
Son 



■'VVv'Vl^ 



II 3 
Fetus 

V1AAy^/A^ 






Fig. A 6.5. a, b. Principle of heterozygote identification and 
prenatal diagnosis in hemophilia A. The mother (1,2) is dou- 
ble heterozygous for the hemophilia allele and the RFLP mar- 
ker -h . The father (I,i) is healthy and has the marker - Since 
the affected son 11,2 has inherited the hemophilia allele as 
well as the marker -1- from his mother, the marker -I- must 
be on the same chromosome as the hemophilia allele ( = cou- 



pling, Sect. 5.1.). Since the daughter II,i is heterozygous for 
- 1 + y she must have inherited the chromosome containing 
+ and the hemophilia gene from her mother; she must be 
heterozygous for hemophilia. The fetus 11,3 is + ; he must 
have inherited the same chromosome, and is affected with 
hemophilia 





Hemophilia dead 
HemaphiUa aborted 
Hemophilia carrier 



+ 



l-F) 



1. 25 Bel polymorphism 
1. 5 Bel polymorphism 
inferred 



Fig. A 6.6. Hemophilia A pedigree. Note that hemophilia A 
could be ruled out in a fetus (III-2) by prenatal diagnosis 
using a factor VIII probe and restriction enzyme Bgl without 
actually testing the DNA phenotypes of the two hemophiliacs 
(III-i and I-3). The presence of the DNA variant in the fetus 



(III-2) identical to that of the normal maternal grandfather 
(I-i) indicated that the fetus was normal. Note that the moth- 
er’s sister’s (II, 3) carrier state cannot be determined using 
the DNA variant. (From Din et al. 1985) 
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Linkage Calculations: Programs and Examples 



Chapter 5 describes methods for examining pedigree 
material for linkage. The use of lod scores is describ- 
ed as the method of choice, and the derivation of this 
method from pedigree probabilities is presented for 
of a monogenic inheritance. 

A study of linkage between a trait showing mono- 
genic inheritance and a genetic marker (which has 
previously been localized) consists of three steps: 

1. Linkage must be established. As discussed in 
Sect. 5.1.2, it has become a convention to regard 
linkage as confirmed if the combined lod score ex- 
ceeds + 3, i. e., if the odds in favor of linkage are 
1000:1 (i.e., the logarithm of 1000). This strict cri- 
terion, proposed by Morton [54], has been adopted 
because the a priori probability of autosomal link- 
age between two loci chosen at random is very 
low, and the risk of error is therefore high, espe- 
cially when multiple markers are tested. If the lod 
score is lower than - 2, linkage is regarded as ex- 
cluded. 

2. When linkage is established, the most likely recom- 
bination fraction 0 must be estimated. There is a 
sex difference: for most areas of the human ge- 
nome, G is higher in the female than in male meio- 
sis; therefore it should be calculated separately for 
the two sexes. 

3. Very often a linkage study is carried out simulta- 
neoulsy with several pedigrees. Increasingly, iden- 
tical phenotypes turn out to be caused by muta- 
tions at different gene loci, i. e., there is genetic het- 
erogeneity. Hence some pedigrees show linkage 
while others do not. On the other hand, we always 
find some degree of chance variation between ped- 
igrees in the number of meioses that do or do not 
show recombination even if there is no linkage at 
all. The investigator who is eager to find linkage 
should not be seduced into selecting only those 
pedigrees that show a positive lod score. Adding 
such lod scores may produce spurious evidence 
for linkage. Special statistical methods have been 
developed to distinguish true heterogeneity with 
linkage in some pedigrees from spurious evidence 
for linkage [62]. 

Computer programs are available for linkage studies, 
including heterogeneity testing (Table A 7.1). Only 



one example is presented below, in which linkage of 
the gene for a human disease with a “classical” mar- 
ker (the GC serum polymorphism) was shown in a 
large pedigree. 

Dentinogenesis Imperfecta and the GC Serum Groups. 
Figure A 7.1 shows a large pedigree in which an auto- 
somal-dominant condition, dentinogenesis imperfec- 
ta (125490), segregates with the GC protein types. 
There are three alleles, GCiS, GCiF, and GC2. Full 
evaluation of the pedigree would entail calculation of 
probable genotypes for individuals who could not be 
typed for the marker (I, 1, 2; II, 1, 2) on the basis of 
gene frequencies. Then, the full pedigree can be 
scored, using the LIPED program (Table A 7.1). 

Table A 7.2 gives the lod scores for 0 ^ (recombina- 
tion proportion in males) and 0 ^ (recombination 
proportion in females). The maximum lod score 
(7.9238) is found at 0 ^ = 0.05 for males and 
0 p = 0.25 for females. Table A 7.3 presents a more de- 
tailed calculation for the “critical” area of Table A 7.2; 
the best estimates are 0 ^ = 0.05 and 0 ^ = 0.24; lod 
score z = 7.9277. 

The linkage has been confirmed by subsequent stud- 
ies; the gene DGI 1 for dentinogenesis imperfecta has 
been localized to 4 q 13-4 q 21. The GC locus is located 
at 4 q 12 [52]. 

This example shows the simplest possible case: study 
of one big pedigree. In many instances, numerous 
small pedigrees are available. Here, the problem of 
linkage heterogeneity often comes up: the same or 
similar phenotypes are caused by mutations at differ- 
ent gene loci. This linkage heterogeneity can be stu- 
died by special statistical methods ([62]). 

Such two-point linkage calculations are usually the 
first step of analysis when the question of mapping a 
disease locus is adressed. A more powerful method 
is to use a fixed map of several markers to calculate 
the likelihood of the location of the presumed disease 
locus at various points along the known map (= mul- 
tipoint linkage analysis). The question of locus order- 
ing and simultaneous estimation of several recombi- 
nation rates requires complex multivariate linkage 
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Table A 7.1. Computer programs for analysis of linkage 



Name 


Special features of program 


Contact address 


Reference 


LINKAGE 
[Includes LIPED) 


Two-point and multipoint linkage; special 
versions for CEPH family data; risk calcu- 
lation 


J.Ott, Rockefeller Univ. New 
York NY, USA 


Ott (1991) [63] 


HOMOG 


Test for heterogeneity of linkage data 




Ott (1983) [62] 


SLINK 


Simulation program (together with LINK- 
AGE) 






FASTMAP 


Fast techniques for constructing a multi- 
point map from two- point analyses 


D. Curtis, Academic Dept of 
Psychiatry, St. Mary*s Hospi- 
tal, Praed St., London W 2 
7NY, UK 


Curtis and Curling 
(1993) [16] 


MAP 


Multiple pairwise linkage for locus order- 
ing; interference possible; quality control 
for mispairing 


V. Andrews, CRC Research 
Group in Genetic Epi- 
demiology, Dept of Com- 
munity Medicine, University 
of Southamptom, South 
Academic Block, Southamp- 
ton General Hospital, South- 
amptom S09 4X, UK 


Morton and Andrews 
(1989) |56) 


FASTLINK 


Faster version of LINKAGE due to im- 
provement of algorithms 


A. Sch after, Dept, of Compu- 
ter Science, Rice University, 
Houston TX 7725, USA 


Cottingham et al. [14] 


MENDEL 


Same range of functions as LINKAGE 


K. Lange, Dept, of Biostatis- 
tics, U. of Michigan, Ann 
Arbor, Mich 


Lange et al. (1988) [48) 


LINKSYS 


Easily usable data bank and generation of 
data sets for LINKAGE and LIPED 


L Atwood, Genetics and Bio- 
metry Dept. UCL Wolfsson 
House 4, Stephenson Way, 
London NWl 2HE, UK 


Atwood and Bryant 
(1988) (4j 


Mapmaker 


Construction of multipoint maps in CEPH- 
type families 


Mapmaker Distribution, 
Landerlab, Whitehead Insti- 
tute, for Biomedical Re- 
search, Nine Cambridge 
Center, Cambridge MA 
02142, USA 


Lander et al. (1987) [47] 


CRI-MAP 


Construction of multipoint maps 


Dr. Phil Green, Dept. Mole- 
cular Biotechnology, Univ. 
of Washington, Seattle 
WA 98195, USA 


Green et al. (1989) [31] 



Programs for detection of linkage and mapping are also found in some of the programs of Table A 2.1, for example SAGE. The 
SAGE program also permits linkage analysis by the sib pair (or close relatives) method. Other programs for sibpair analysis in- 
clude KIN and PEDSCORE. 



analyses [63, 64]. Stepwise strategies have been used what technical constraints exist, and should sex-spe- 
to construct a comprehensive genetic map of present- cific map distances be estimated. A detailed discus- 

ly 1266 intervals with an average distance of 2.9 cM. sion is provided by Ott [63, 64]. Fig. A. 7.2 gives a re- 

Many problems arise in multipoint linkage analysis, cent survey [52] of disease loci in the human genome, 
such as what model of interference is to be used. 
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Table A 7.2. Pedigree with dentinogenesis imperfecta and GC blood types 








0.05 


0.10 


0.15 


0.20 


0.25 


0.30 


0.35 


0.40 


0.45 


0.50 


0.05 


5,7385 


7.0780 


7.6460 


7.8825 


7.9238 


7.8286 


7.6263 


7.3316 


6.9506 


6.4831 


0.10 


5.4992 


6.8370 


7.4048 


7.6418 


7.6841 


7.5906 


7.3908 


7.0997 


6.7240 


6.2639 


0.15 


4.9709 


6.3028 


6.8690 


7.1058 


7.1488 


7.0569 


6.8596 


6.5723 


6.2019 


5.7492 


0.20 


4.3034 


5.6209 


6.1826 


6.4177 


6.4605 


6.3697 


6.1747 


5.891 1 


5.5262 


5.0811 


0.25 


3.5484 


4.S3S1 


5.3897 


5.6203 


5.6613 


5,5704 


5.3772 


5.0971 


4.7376 


4.3001 


0.30 


2J353 


3.9794 


4.5123 


4.7332 


4.7690 


4.6761 


4.4831 


4.2057 


3.8512 


3.4214 


0,35 


U921 


3.0723 


3.5733 


3.7754 


3.7997 


3.6999 


3.5039 


3.2269 


2,8764 


2.4540 


0,40 


1.0653 


2.1707 


2.6243 


2.7935 


2.7940 


2.6774 


2.4705 


2.1884 


1.8390 


1.4252 


0.45 


0.3170 


1.3584 


1.7647 


1.8954 


1,8641 


1.7217 


1.4957 


1.2033 


0.8581 


0.4764 


0.30 


0,2835 


0.7003 


1.0796 


1.1946 


1.1545 


1.0094 


0.7890 


0.5196 


0.2383 


0.0000 



Table A 7.3. Part of Table A.7.2, with finer subdivisions 





0.20 


0.21 


0.22 


0.23 


0.24 


0.25 


0.26 


0.27 


0.28 


0.29 


0.30 


0.01 


7.1367 


7.1579 


7.1721 


7.1797 


7.1813 


7.1771 


7.1676 


7.1529 


7.1334 


7.1092 


7.0807 


0.02 


7.5746 


7.5958 


7.6100 


7.6177 


7.6193 


7.6152 


7.6057 


7.5911 


7.5716 


7.5475 


7.5190 


0.03 


7.7649 


7.7862 


7,8005 


7.8082 


7.8098 


7,8058 


7.7963 


7.7818 


7.7624 


7.7384 


7.7100 


0.04 


7.8524 


7.8737 


7.8880 


7.8957 


7.8974 


7.8934 


7.8840 


7.8695 


7.8502 


7.8263 


7.7979 


0.05 


7.8825 


7.9038 


7.9182 


7,9260 


7.9277 


7.9238 


7.9144 


7.9000 


7.8807 


7.8569 


7.8286 


0.06 


7.8757 


7.8970 


7.9114 


7.9193 


7.9211 


7.9171 


7.9079 


7.8935 


7.8743 


7.8505 


7.8223 


0.07 


7.8427 


7.8642 


7.8786 


7.8865 


7.8883 


7.8844 


7.8752 


7.8609 


7.8418 


7.8181 


7.7900 


0.08 


7.7902 


7.3117 


7.8261 


7.8341 


7.8360 


7.8321 


7.8230 


7.8037 


7.7897 


7.7660 


7.7380 
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To facilitate comparison of chromosomes, figure A 7.2 starts on page 788 ► 
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Standardized Nomenclature for Human Genes 



The increasing number of identified human genes 
has made rules for their nomenclature necessary. An 
international committee in 1979 drafted the following 
set of rules [79, 80]: 

1. Gene loci are designated by uppercase letters or by 
a combination of uppercase letters and Arabic nu- 
merals. Three characters is optimum, and no 
more than four characters are recommended; these 
characters are italicized. Examples: G6PD (glucose 
6-phosphate dehydrogenase), GBP (Protan color 
blindness). The initial character should always be 
a letter. All characters in a gene symbol should be 
written on the same line; no superscripts or sub- 
scripts may be used. No Roman numerals or Greek 
letters are admissible; Greek letters are transliter- 
ated into their Latin equivalents. 

2. Where gene products of similar function are coded 
by different genes, the corresponding loci are de- 
signated by Arabic numerals immediately after the 
gene symbol. Examples: ADHi, ADHi, ADH3 
(three alcoholic dehydrogenase loci). A final char- 
acter in the gene symbol may be used to indicate 
a specific characteristic of the gene. Example: 
PKL, where L refers to the liver form of pyruvate 
kinase. 

3. Allele designations are written on the same line as 
gene symbols. They are separated from the locus 
characters by an asterisk which serves to combine 
gene and allele symbols. Examples: HLAA^^i, 
HLAA^S for alleles at the HLAA locus; HBB'^6V 
identifies substitution of GLU by VAL at the 6th 
position of the hemoglobin P chain. The allele 
symbol should always be limited to four characters, 
with an optimum of three. 

4. In genotypes a horizontal line or slash separates 
the alleles and indicates chromosomal location. 
For example, an individual heterozygous at the 
ADA locus and homozygous at the AMY 1 locus is 
designated as follows: 

ADA*} AMY* A 

\ , or ADAn/ADA^; AMYl^A/AMYl^A. 
ADA^l AMY* A 

If the locus is X-linked, females are depicted as 
shown above for autosomal genes; males are iden- 
tified as follows: G6PDWY 



5. Linkage and phase: loci not located on the same 
chromosome are separated by a semicolon; as 
shown above (4). Loci located on the same chromo- 
some when the phase is known are joined by a hori- 
zontal line but separated by a space. Loci on the 
same chromosome, but when the phase is unknown, 
are separated by a comma. If the order of genes on 
the chromosome is known, they are listed in order 
from the end of the short arm to the end of the long 
arm, and separated by a space. More detailed infor- 
mation is found in the committee reports [860]. 

An International Committee for Standardizing Hu- 
man Gene nomenclature has been founded; when 
new human genes are discovered, and a symbol is 
proposed, this committee should be contacted. The 
address is A. J. Cuticchia, Johns Hopkins Hospital 
Medical School, Baltimore, MD, USA. 

A mutation nomenclature is in preparation. Please 
contact E.Beutler, The Scripps Research Inst., Dept, 
of Molecular and Experimental Medicine, 10666 
North Torrey Pines Rd., La Jolla, CA 92037. Phone 
(001619) 554-8049; fax (001619) 554-6927 
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affective / affected 

- disorders 490, 693 ff., 

714 

- - bipolar 696 

- - empirical risk figures 
for 695 

- - twin and family studies 
of 693 

- - twin data 695 

- illness in twins 694 

- method of affected sibs 
696 

afibrinogenemia 153 
AFP (a-fetoprotein) 20, 
718, 720-722 

- amniotic fluid 726 

- increased 722 

- lowered 722 
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AFP (a-fetoprotein) 

- maternal AFP determina- 
tion 726 

- screening 730 
African 

- data 338 

- differences between Afri- 
can and Mediteranean 
268 

- “Eve” 603 
African-Americans 570, 

57b 705-708, 710 

- children 708 

- discrimination against 
706 

- infants 725 

- IQ of 705, 707 

- - IQ-differences between 
African-Americans and 
whites 709 

- population 570, 571 

- - admixture of genes 
from whites to 571 

- sickle cell testing in 734 

- subpopulation 571 
age /aging 

- aging and death 452 

- biological mechanisms 
453 

- correlation 159 

- of onset 16, 142, 143, 366 

- - dissimilarity 143 

- - intrafamilial correla- 
tion 16 

- - shift of 366 

- - variability 142 

- maternal age (see there) 

- mutation 431 ff. 

- prenatal, decreasing 
747 

- somatic mutation 452 
aggression / aggressiveness 

605, 636, 664, 673 

- behavior 605, 683 

- - differences in 683 

- male-male 630 
agouti series 140 
Ahorn 531 

AIDS (see also HIV) 225, 
544, 545 

- therapy 739 
Aland eye disease, 

X-linked 579 
ALA synthetase 347 
Alagille syndrome 67, 68 
albino(s)/ albinism 15,16, 
135> 153) 196, 286 

- children 154 

- mutations 135 

- series in rabbits 150 
alcaptonuria 2, 15, 16, 21, 

25, 136, 196, 497 

- incidence of 15 



alcohol / alcoholism 628, 
679, 681, 695 

- abuse /alcoholism 17, 

34b 371 

- dehydrogenase (ADH) 
499, 628, 679 

- fetal alcohol syndrome 

567 

- genetic aspects of 
677 ff. 

- hallucinosis 341 

- metabolism 677 

- - genetic variability of 
679 

- non-alcohol substance 
abuse 681 

- oxidation 679 

- preference 628 

- psychiatric symptoms 
preceding 678 

- reaction of the brain to 
alcohol, EEG 679 

- susceptibility 

- - individual differences 
in 677 

- - of the brain to alco- 
hol 628 

- twin studies on alcohol 
abuse 678 

- uptake, genetic differen- 
ces 627 

aldehyde dehydrogenase 
628 

ALDH (acetaldehyde dehy- 
drogenase) 679 
alkaptonuria 15, 258 

- incidence of 15 
alkylating agents 484, 485 
allele(s) 

- ABO blood group alleles 
150, 534 

- allele o 534 

- - distribution of 534 

- - frequency of 534 

- /3-thalassemia alleles 528 

- Fy allele in blacks 613 

- G6PD (glucose-6-phos- 
phate-dehydrogenase) 

439 

- genetic heterogeneity 
144 

- - inter-allelic 144 

- - intra-allelic 144 

- Hb^E 569 

- haptoglobin allele 571 

- histocompatibility 464 

- HLA alleles 183 

- isoalleles 291 

- Johnson-type 189 

- Ko, “silent allele” 222 

- multiple allelisms 150 

- pseudoalleles 122, 176 

- random fixation 705 



- Rb allele, homozygosity 
of 448 

- silent 152, 336 
allergy 335 
allotransplants 180 
alpha (a) 

a-binding, IFN, to fibro- 
blasts 374 

a-chain hemoglobin 136 
a-EEG 200 
a-fetoprotein (see AFP) 

20, 718, 720-722 
a-globin gene 304, 533 

- gene cluster, human 304 
a-Hb 303, 307 
a-hexosaminidase 280 
5a-reductase 379 

- deficiency 672 
a-thalassemia gene (see also 

there) 142, 241, 313, 319- 
322, 526, 527, 532 
a-tropomyosin gene 362 
a waves 675 

- and spatial ability 

- monomorphic 674, 676 
a^-antitrypsin 114, 226, 

227, 294, 368, 498 

- deficiency 290, 344, 739 

- polymorphism and disea- 
ses 226, 227 

- sheep production 368 
a^-antitrypsin deficiency 

739 

Qj 4-glucosidase 262 
a^-macroglobulin 226 
ai-iduronidase 279 
Altai mountains 612 
altruistic behavior 606 
Alu 

- elements, interspersion 
pattern 117 

- repeats 344, 417 

- sequences 84, 116, 117, 
416-418, 592 

- - Alu consensus sequen- 
ces 418 

- - position and orienta- 
tion of 417 

Alzheimer disease 147, 228, 
249, 350, 660 

- type E 249 
amaurotic idiocy, juvenile 

type 576 
amblyopia 218 
amenorrhea, primary 379 
American 

- American-Indian popula- 
tions 604, 611 

- Asian-American popula- 
tion 710 

- data 338 

- native American tribes 
729 



- South- American (see 
there) 

- United States genome 
project 729 

Ames test 485, 486 
amino acid 302, 401, 585 

- sequence 

- - of the 13 chain, primary 
structure of 302 

- - of specific proteins 

585 

- substitutions 401 
Amish 576, 696 
ammonia intoxication 668 
amniocentesis 20, 21, 284, 

324, 387, 388, 665, 718, 722, 
723, 725, 726, 730 

- time of 387 
amniotic fluid cells 95, 99 

- chromosome identifica- 
tion 95 

- nuclei 99 

AMP glutathione 264 
amplification 

- of base triplets, abnor- 
mal 426 

- germ cells 419 

- mutants 108, 195, 421 
amylo-i,6-glucosidase 260 
amyloidoses 349, 350, 580, 

723 

- familial 580 
amyloidosis 578 
anaerobic pathway 263 
analgesia 339 
anaphase 

- bridge 58 

- lagging 44, 49, 51 

- movements 56 

- - regular movement 65 
anaphase 

- lagging 431, 432 
anastomosis of blood ves- 
sels 229, 425 

ancon sheep 385 
androgen(s) / androgenital 

296, 376-379 

- insensitivity 673 

- levels, blood 665 

- normal amound 379 

- receptors 376, 419 

- - deficiency of/ defi- 
cient 672, 683 

- - X-linked androgen re- 
ceptor defect 379, 673 

- syndrome 296, 379 

- synthesis 378 
anemia 

- acquired 243 

- Cooley anemia 528 

- FanconVs anemia 5, 58, 
290, 343) 425) 426, 431- 
434) 437) 454) 567) 739 
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- hemolytic (see below) 

197, 222, 263-267, 270, 272, 
309, 346, 349> 4i3> 521, 601 

- hereditary 244 

- iron deficiency 244 

- megaloblastic 281 

- pernicious 244 

- sickle cell (see also be- 
low) 19, 21, 114, 136, 241, 
299> 300, 310, 324, 325> 505, 
722, 725 

anencephalus 233 
anesthesia, general 668 
aneuploidies 44, 56, 69, 71, 
468, 469, 589, 722 

- additional 438 

- parental chromosomes 
392 

- previous 722 

- X-autosomal 69 

- X-chromosomal 71, 393, 
490 

- - difference between 71 
Angelman syndrome 67, 

68, 143, 365, 366 
angiotensin 

- angiotensinogen 367 

- renin-angiotensin sys- 
tem 367 

anhidrotic extodermal dys- 
plasia 74 
animal 

- breeding 206, 207, 624, 

705 

- of an inbred strain 670 

- lysozyme 596 

- XO anmimals 466 
aniridia 67, 369, 396, 398, 

410, 448, 480 
anlage 376, 402 

- gonadal 376 
anopheles minimus 528, 

530 

anorexia nervosa 658, 659 
anosmia(s) 650 

- for cyanide 650 

- for isobutyric acid 650 
Antabuse (disulfiram) 679 
antenatal diagnosis 29, 

262, 263, 716, 747 
anthropoid apes 585 
anthropology / anthropologi- 
cal 

- classic, methods from 
764 

- diagnosis 766 

- paleoanthropology 583 

- social anthropologists 
66 

anti A serum 424 
antiarrhythmic agents 339 
antibiotics, restistance 
against 90 



antibody / antibodies 

- autoantibodies (see 
there) 225, 242 

- formation yrj 

- humoral defense by anti- 
bodies 325 

- immunoglobulins (see 
also there) 329 

- specifity of 333 
anticipation 8, 142, 160, 

366, 398 

antidepressants, tricyclic 
339> 683 
antigen(s) 

- ABH-like antigens 539 

- drift 544 

- H antigen (see also 
there) 540 

- HLA antigens 225, 226 

- HY antigen 364, 376 

- MHC 

- - class I antigen HLA- A, 
B, C 185 

- - class II antigen HLA-D/ 
DR domain 185 

- MIQ antigen 175 

- streptococcal 543 

- tetanus 543 
antihemophilic 

- factor (see factor VIII) 

84, 92, 102, 413 

- globulin 715 
antihypertensive treat- 
ment 250 

antimetabolites 485 
antiproteolytic activity 226 
antisemitism 18 
antisocial 

- behavior 657, 662, 665 

- personality 656, 657 
antithrombin deficiency 

353 

antithyroid antibodies 393 
antropometric measure- 
ments 764 

apena, prolonged after suc- 
cinylcholine administra- 
tion 293 

Apert's syndrome 394, 
396-399, 405, 406, 480 
apes 583, 585, 586, 589, 604, 
608 

- anthropoid 585 

- cultural tradition 604 

- great 608, 618 
apnea 

- caused by suxamtheo- 
nium 335 

- prolonged 336 
apolipoprotein (Apo) 

- Apo 1 and 2 249, 349 

- Apo E genem, regula- 
tion 250 



- Apo E 

- - polymorphism 228, 
248, 249 

- - - and atheroclerosis 
228 

- Apo E4, carriers of 350 
Arab population 614 
ARAS (ascending reticular 

activating system) 675 
areas of constraint 87 
argininosuccinic acidemia 

567 

arhinencephaly / holoprosen- 
cephaly 666 
arrythmia, cardial 339 

- antiarrhythmic agents 
339 

arteriosclerosis, homocys- 
teine 250 

arthritis, rheumatoid 350 
artificial selection 478, 626 
arylhydrocarbon hydroxy- 
lase 343, 451 
arylsulfatase A 278 
A/S heterozygotes 527 
ascending reticular activat- 
ing system (ARAS) 675 
ascertainment 

- bias 154, 156, 419, 634, 

751 

- complete 159 

- complex problems 751 

- modes of 751 

- through the youngest 
generation 143 

- type of 752 
L-ascorbic acid 296 
Ashkenazi Jewish 

- children 726 

- diseases 577, 578 

- intellectual achieve- 
ments 705 

- population 279, 289, 

432, 505, 576, 577, 580, 706, 
710 

- - in Israel 505 

- Tay-Sachs disease 734 
Asia /Asian 

- Asian-American popula- 
tion 710 

- Southeastern Asia (see 
Southeastern) 

ASMT (acetylserotonin me- 
thyltransferase) 175 
L-aspartic acid 682 
aspartyl glycosaminuria 
579 

association 

- ABO associations 223 

- blood group, disease 
219, 222 

- definition 372 

- gametic 186 



- with genetic markers 
670 

- HLA associations with 
diseases 186, 223 

- linkage and association 
studies 683 

- spurious 222 
assortative mating 174, 207, 

549, 550, 641 
asthma bronchiale 218, 

219, 335 

- infestation range between 
asthmatic and non-asth- 
matic atopies 543 

atactic movements 366 
ataxia 

- cerebellar 366, 433 

- - progressive 433 

- Friedreich's 576 

- spinocerebellar (see also 
there) 143, 225, 418, 420 

- telangiectasia (AT) 243, 
290, 343, 424, 433 

- - to heterozygosity 290 
atherosclerosis 228, 246, 

246, 367 

- and apolipoprotein E 
polymorphism ((Apo E) 
228 

- epidemiologic risk fac- 
tors 247 

atomic 

- bomb survivors 477 

- - atomic bomb casualty 
commission (ABCC) 

471 

- - children of 468, 501 

- - - protein variants in 
473 

- - Hiroshima and Nagasa- 
ki 471 

- - neoplastic disease in 
477 

- holocaust 474, 742 

- united nations committee 
on effects of atomic ra- 
diation (UNSCEAR) 

478, 481 

atopic diseases 218, 219, 
335, 543 

- infestation range between 
asthmatic and non-asth- 
matic atopies 543 

- atopic dermatitis 218, 
219, 335 

- genetic liability 543 

- respiratory atopies 219 
ATP 

- ADP/ATP translocase 
75 

- reduction of 265 
ATTA core 369 
Australian aborigines 614 
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Australopithecus 583-585, 
604 

- A. aethiopicus 584 

- A. afarensis 583, 584, 

604 

- A. africanus 583, 584, 
604 

- A. boisei 584 

- A. robustus 583, 584, 604 
Austro-Asiatic (Mon- 

Khmer) language group 
530, 532, 569 
autistic children 635 
autoantibodies 

- anti-islet 242 

- organ-specific 225 
autoimmune / autoimmunity 

- diseases / disease system 
224, 225, 335, 393 

- mechanism 225, 393 
autopsy 373, 712 

- of deseased children 373 
autoradiography 93 
autosomes / autosomal 

- aberrations 659 

- autosomal-dominant 

- - inheritance, with in- 
complete penetrance 754 

- - retinitis pigmentosa 

654, 723 

- autosomal-recessive dis- 
eases/defects 504, 567, 
580, 642, 745 

- - higher incidence of 
580 

- - inheritance 135, 136, 
160 

- - microcephaly 672 

- - modes of inheritance 

134. 135. 160 

- - pseudodominance 136 

- - X-autosomal transloca- 
tions 67, 68 

- chromosome aberrations, 
phenotypes in 61 

- dominance / autosomal- 
dominant 345 ff., 510 

- - dominant mode of in- 
heritance 130, 134>345 

- - equilibrium 510 

- - inheritance 140, 155, 
160, 212 

- - partial elimination 
510 

- - traits 144 

- inheritance {see also 
mode of inheritance) 

- - autosomal-dominant 
140, 155, 160, 212 

- - autosomal-recessive 

135. 136. 160 

- linkage, sex difference 
169 



- mutant genes on 160 

- pseudoautosomal region 
{see PAR,) 173, 175 

- structural anomalies 52 

- syndromes, common 
symptoms 63 

- trisomy (see also below) 
4Z 78, 490 

- X-autosomal transloca- 
tions 67, 68 

- and X-linked recessive 
disorders 157 

autotransplant 180 
avoidance learning 628 

- two-way 629 
8-azaguanine 284, 424, 425 

- abnormal substrate 284 
AZF (azoospermia factor) 

378 

- area 378 

- genes 378 
azoospermia factor {see 

AZF) 378 

B 

B cell(s) (B lymphocytes) 
285, 327 > 333 

- differentiation 332 

- dysfunction 285 

- immunoglobulins in 334 

- maturation 334 

- precursor cells 333 

- proliferation 326, 327 

- - function of 327 
B/A 

- B/A ratio 560-563 

- B/A values 565 
baboons 589 
bacillus subtilis 288 
background radiation 475, 

482 

- natural 469, 471 
bacteria(l) 259, 361, 362 

- DNA 84 

- infection 226 

- phenylalanine requiring 
bacteria 288 

- transposons 117 
bacteriophages 

- of E. coli 5 

- T4 rll mutants 423 
BALB/c mice 627 
banding /bands 

- chromosome (see also 
there) 28, 84, 116, 592 

- high-resolution 37 
-patterns 3iff.,35>36 

- Q bands (see also there) 

31, 37> 588 

- T bands 588 

- techniques / methods 20, 

31 

bar mutation 188 



barbiturates 347 
barley 457 
base 

- analogues 483 

- CpG base pairs 414 

- pair substitutions, sin- 

gle 413 

- replacement 424 

- sequence /base pair se- 
quence 361 

- - complementary base 
pairs 92 

- - DNA 15, 124 

- - methylation of certain 
bases 361 

- single base pair substitu- 
tions 397 

- substitutions 398, 426 

- - single based substitu- 
tions of DNA 426 

- triplets, repetitive 
366 

Bayes / Bayesian probability 

- principle of conditional 
probabilities 761 

- a posteriori 291 
BCHE 336 

Becker muscular dystrophy 
{see BMD) 84, 101, 291, 
401, 410, 713, 714 
Beckwith- Wiedemann syn- 
drome 67, 68, 366, 448, 
450 

bees, language of 624 
behavior /behavioral 282, 
283, 380, 585, 604 ff., 

705 ff. 

- abnormal 631 

- aggressive behavior (see 
there) 605, 683 

- altruistic 606 

- antisocial 657, 662, 665 

- compulsive self-destruc- 
tive 283 

- cultural transmission 
605 

- differences, mechanisms 
of 629 

- disturbance, X-linked 
636 

- ecology 606 

- fighting 630 

- genetic(s) 7, 19, 228, 234, 
298, 568, 605, 623 ff., 703, 
705 ff. 

- - dissection of 624 

- - experiments in the 
mouse 626 ff. 

- - group differences 705 

- - in humans 19, 605, 

631 

- - mechanisms affecting 
behavioral 626 



- - novel approaches 
667 ff. 

- - variability in its rela- 
tionship to behavior 670 

- homosexual behavior, 
low-grade 658 

- human, plasticity of 606 

- intelligent behavior com- 
plex 670 

- male/female, behavioral 
differences 604 

- normal 631 

- patterns in Drosophila 
625 

- processes, genes in 670 

- psychotic 282 

- psychosexual 629 

- socially deviant 656 

- traits 209, 705 

- - group differences in 
behavioral traits 705 

- variability 626 

BEIR (biological effects on 
ionizing radiation) 478, 
481 

benzidine 343 
benzoylcholine as a sub- 
strate 336 
beta {/3) 

y^-blockers 339 
^-chains 595 

- amino acid sequence of 
the P chain, primary 
structure of 302 

- (/ 3 ^) / 3 -chain production 

195 

- gene 413 

- hemoglobin 114, 136 

- - HbM mutation of the ^ 
chain 309 

- mutation 413 
)^-galactosidase 364 
/ 3 -globin gene 

- cluster, human 304 

- deletions 417 

- IVS-i of the P globin 
gene 317 

/ 3 -glucuronidase 278 
) 3 -glucosidase 364 
jS-Hh {see also HB^ gene) 
303, 306, 307, 413 > 521 ff., 
528 

/ 3 -hemoglobin system 195 
/ 3 -hexosaminidase 278, 

280 

/ 3 -globin gene 101, 106 

- analysis of 101 

- mRNA 106 
^-myosin heavy chain 114 
y 3 -synthase activity, cysta- 
thionine 374 

) 3 -thalassemia (see also 
there) 153, 195, 305, 313, 
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316-325, 413, 526-528, 532, 
600, 726, 744 
;^2-niacroglobulin 364 
^-melanotropin 596 
mutation 413 
bilirubin (a metabolic pro- 
duct of hemoglobin) 

335 

bimodal / bimodality 

- distribution 197, 199 

- spurious 199 
binominal distribution 154 
binucleate cells 170 
biochemistry / biochemical 

402 

- DNA product, biochemi- 
cal level 195 

- dominant abnormalities, 
biochemical basis 299 

- genetics 257, 335, 401 
human 335 

- individuality 16, 20 

- - for polymorphisms 
497 

- mechanism 129 

- specific-locus test 464 
biofeedback 680 
biological 

- dosimetry 477 

- effects on ionizing radia- 
tion (BEIR) 478, 481 

- factors influencing intelli- 
gence 647 

- future, human species / of 
mankind 3, 741 ff. 

- hypotheses in schizophre- 
nia 699 

- mechanisms of aging 
453 

biometric 

- methods 208 

- models 195 

- paradigm 3, 647 
biopsy 

- brain 265 

- chorionic villus biopsy 

324 

biopterin synthesis, errors 
in 724 

biotechnology 728 
biotransformation 

- drugs 197 

- genetic control of 341 
bipedalism 583 
bipolar 

- affective disorders 696 

- disease 693 
birth 

- control, voluntary 511 

- defects 210, 245, 361, 
370-372, 380, 710, 714 

- - cause of 372 

- - common 245 



- - complex 712 

- - in humans 370, 371, 
710 

- multiple births, frequen- 
cies of 232 

- order 170 

- sex ratio 472 

- stillbirths 139, 232, 289, 
472, 473> 490 

- - male 139 

- twins (see there) 231, 232 

- weights 232 
bitangentiality 198 
black 

- box 215, 218, 245 

- - breaking open the 

218 

- - theory 209, 210 

- populations, new world 
526 

blacks 612, 612 

- Fy allele in blacks 613 
bladder cancer 337, 343 

- in Japan 343 
blastocyst, development of 

370 

blindness 216, 245 

- causes of 655 

- red-green color 74, 164, 

165, 177 

- space-form 662 
Bloch-Sulzberger syn- 
drome 139, 399 

blood 

- androgen levels 665 

- cells 

- - precursors of 368 

- - white blood cells, 

DNA 670 

- chimeras 230 

- clotting factor VIII 92 

- coagulation 596 

- glucose, quantitative fast- 
ing 242 

- groups 196, 499, 527, 611, 
666, 761 

- - ABO blood group (see 
there) 

- - association 222 

- - disease association 

219 

- - Duffy blood group (see 
also there) 571, 613, 614 

- - genetics of 130 

group 0 153, 220, 538 

- - - cholera and blood 
group o 538 

- - - plague and blood 
group o 538 

- - - and smallpox 541 

- - - syphilis and blood 

group 0 538 

- - group A 219, 220, 541 



- - - and cancer of the 
stomach 219 

- - - and smallpox 541 

- - group AB 424, 541 

- - - and smallpox 541 

- - group ABo (see also 
there) 

- - group B 541 

- - - and smallpox 541 

- - group Xg, X-linked 
390, 400 

- - Kell blood group sys- 
tem 222 

- - Le(a-b-) negative 153 

- - Lutheran 169 

- - MN blood types 118, 
130, 155, 178, 749 

- - normal range 195 

- - Rh (see rhesus) 17, 

515, 750 

- - and serum groups 
761 

- - system 228 

- phenylalanine levels in 
stress situations 289 

- pressure 197, 367, 368 

- - elevated 367 

- - normal 367 

- - regulation 367, 368 

- types, GC 785 

- vessels, anastomosis of 
229 

Bloom's syndrome 5, 290, 
343, 425, 426, 432, 433, 437, 
438, 454, 577 

- heterozygotes for 290 
blue 

- cone monochromacy 
654 

- pigment, gene for 652 

- sclerae 351 
B-lymphoid disease, malig- 
nant 444 

BMD (Becker muscular dys- 
trophy) 84, 101, 291, 401, 
410 
body 

- height 239 

- structure, dysmorphic 

323 

bodyguard function 86 
boric acid 369 
bottom-up / bottom-up 
strategy 257, 262, 667, 
670 

BPP test (test for cognitive 
abilities) 663, 665 
brachydactyly 130, 131, 353, 
623 

- moderate 133 

- type Ai 131 
brachyphalangy pedigree 

131 



brain 

- biopsy 265 

- development 379 

- genetic variability 

- - of brain function 668, 
670 

- - outside the brain 
670 ff. 

- morpholgy in chromoso- 
mal aberrations 666 

- reaction of the brain to 
alcohol, EEG 679 

- sex- specific brain pat- 
terns 673 

- size 583 

- susceptibility of the brain 
to alcohol 628 

- tumors 199 
branched-chain ketoacidu- 

ria 279 

branchial arches, pairs of 
370 
breaks 

- breaks and gaps (see 
gaps) 52 

- chromatid breaks 37, 53 

- isochromatid breaks 53 
breast cancer 217, 290 
breeding 

- animal breeding (see also 
there) 206, 207, 624, 

705 

- conscious 14 

- experiments 196 

- inbreeding (see there) 

- interbreeding 617 

- isolation of 608 

- outbreeding 571, 617 

- population 574 

- selective 2, 734, 735, 742 

- - humans 742 

- - large-scale 734 

- structure 560, 579, 742 
BRIG (benign recurrent in- 

trahepatic cholestasis) 

169 

broad beans (vicia faba) 

267 

5-bromuracil 483 
bronchial 

- asthma bronchiale 218, 
219, 335 

- carcinoma, lower fre- 
quency of 343 

- recurrent bronchial irrita- 
tion 227 

brother-sister matings 559, 
566, 592 

bulimia 658, 659 
Burkitt lymphomas 441, 
444, 451 

- cell lines 443 
butterflies, mimicry in 187 
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butyrylcholinesterase {see 
also pseudocholinester- 
ase) 153, 293, 335, 500 

C 

C bands 31 
C gene 332 

C region, carboxy-termin- 

al 329 

C57BL mice 627 
CA repeats 172 
CAATT 103 
cafe-au-lait spots 133 
GAG repeat 108, 143 
calcitonin 362, 363 

- calcitonin-gene related 
product (CGRP) 362, 363 

calcium release channel 

341 

Canavan disease 577 
cancer /carcinomas {see also 
tumors) 216 ff., 237, 366, 
740 

- bladder 337, 343 

- bronchial carcinoma 343 

- breast 217, 290 

- cells 325 

- childhood cancer 477 

- colon cancer 449 

- colorectal 452 

- detection 729 

- disposition 437 

- esophagus 216, 217, 450 

- families 450, 452 

- human cancer, genetic 
view 451 

- hypothesis of, somatic 
mutations 439 

- lung 343 

- mutation 431 ff. 

- polyposis cancer 449 

- risk 290, 436 

- skin (see also there) 133, 
201, 290 

- somatic mutation theory 
of cancer 477 

- stomach 219 

- teratocarcinomas (see also 
there) 367, 368 

- thyroid cancer in chil- 
dren 474 

- virus-induced 223 
CAP site mutants 316 
carbohydrate metabolism 

309 

carbonyl compounds, muta- 
genic action of 483 
carcinogen(s) / carcino- 
genic / carcinogenesis 
343, 445, 465, 486, 743 

- chromosomal rearrange- 
ments 444 

- environmental 343, 451 



- risk of carcinogenicity 
485 

- somatic mutations 

439 ff. 

- substances, metabolism 
of 343 

- steps in 443 
cardiac dysrhythmia 147 
cardiomyopathy 114, 147- 

149, 257, 350-352, 723 

- congenital 158 

- dominant(ly) 

- - hypertrophic 351 

- - inherited 114 

- familial, hyperthrophic 

723 

- mitochondrial 147 

- myopathy and myoclonic 
epilepsy 147 

- severe myopathy 266 
carpal tunnel syndrome 

350 

carrier 

- detection 97, 713 

- states, screening of popu- 
lations 725 

Carter effect 213 
cartilage-hair hypoplasia 
579 

case reports, accumulated 

235 

cat 584 

catabolic pathways 297 
cataracts 142, 216 

- or skeletal anomalies 
216 

- zonular 170 
catecholamine 682 

- catecholamine- 0 -methyl- 
transferase (see COMT) 

- metabolism 630, 636 

- - genetic variability in 
682 

- synthesis of 697 
cation pump 263 
caudate nucleus 132 
CBA strain, inbread 211 
CCD (charge-coupled de- 
vice) cameras 95 

cDNAs {see also DNA) 84, 
91, 92, 94, 102, 104, 109, 
112, 226 

- clones defining the IT15 
transcript 109 

- construction of 92 

- DNA regions not repre- 
sented in the cDNA 102 

- overlapping 104 
cell(s) 

- basal cell nevus syn- 
drome 450 

- binucleate 170 

- I cell disease 278, 279 



- cell stages, sensitivity of 
certain 466 

- cycle 29,375 

control 433, 438 

- - duration of 375 

- - regulator genes 445 

- deterioration, somatic 
453 

- devisions 403, 405, 

410 

- - accumulation of 405 

- - number of 410 

- DNA in white blood 
cells 670 

- Fra X cells, folic acid 
pathways in 635 

- fusion 163 

- germ cell development 
403, 468 

- giant, multinucleated 

171 

- hybridization 5, 7, 170, 
436 

- multinucleated plasmo- 
dia 170 

- Sertoli cells 377, 378 

- sickle cell anemia (see 
there) 

- surface 

- - antigens 368 

- - molecules 596 
cellular 

- chromosomal abberra- 
tions, cellular studies 
375 

- immunity 285 

- lysosomes 347 

- maturation in ^5,X, de- 
layed 667 

- oncogenes {see c-onc 
genes) 

- phenotype in triploidy 
375 

- RNA viruses 116 

- syndromes 375 

- transformation 443 
Center for Study of Human 

Polymorphisms (CEPH) 
728 

centimorgan (cM) 42, 167 
central nervous system {see 
CNS) 

centric fusions 60, 61, 586, 
589 

- Robertsonian transloca- 
tion 589 

centromere 37, 76, 183 

- division, abnormal 76 

- index 37 
CEPH families 173 
cercopithecinae 589 
cerebellar ataxia 366 

- progessive 433 



cerebral 

- cortex 

- - cortical atrophy 282 

- - frontal cortex, in XYY 
patients 667 

- malaria 523 
cerebrotendinous xantho- 
matosis 701 

ceroid lipofuscinosis, early 
infantile 579 
ceruloplasmin 104, 498, 
596, 611 

cesium chloride densitiy 
gradients 85, 594 
CF (cystic fibrosis) 84, 

109, 257, 289, 368, 397, 
505-508, 512, 527, 564, 566, 
576, 579, 723, 725, 739, 744 

- gene for 111, 290 

- mutations 109, 508 

- pancreas 579 

- transmembrane conduc- 
tance regulator {see 
CFTR) 112, 114, 124, 137, 
368, 505, 507, 564 

- - gene 505 

- - - gene mutations 
564 

- - and Huntington dis- 
ease 257 

- - population genetics 

507 

CGD (chronic granuloma- 
tous disease) 67, 74, 109, 
196, 222 

- patients with 109 

- X-linked 67 

CGH (comparative genomic 
hydridization) 97, 99 
cGMP phosphodiesterase 
654 

CGRP (calcitonin-gene rela- 
ted product) 362, 363 
Cn'^-index 569 
chance fluctuations 508, 
521, 569-571, 705 
Charcot-Marie-Tooth neuro- 
pathy 723 

charge-coupled device 
(CCD) cameras 95 
chemical / chemically 

- biochemical (see there) 

- composition of chroma- 
tin 86 

- environmental chemi- 
cals 487 

- individuality 15 

- mutagens /mutagenesis 
290, 375, 439, 485-487, 

490, 626, 747 

- - burden due to 487 

- mutations 

- - by chemicals 457 
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- - induced mutations 
459, 483 ff. 

- types of neurotransmit- 
ters 681 

Chernobyl 470, 475 

- accident 474, 480 
Z' test 155 

chiasma / chiasmata 40, 

170 

- average number of 41 

- frequencies 170 
chicken stocks 369 
children / child / childhood 

- adopted/ adoptive 

- - criminality in 657 

- - examining 647 

- - studies on 633, 645 

- African-Americans 708 

- Ashkenazi Jewish 726 

- of atomic bomb survi- 
vors 468 

- - protein variants in 
473 

- autistic 635 

- cancer /tumors 474, 477 

- - thyroid cancer in chil- 
dren 474 

- consanguineous mar- 
riage, children from 633 

- dysmorphic looking 711 

- foster, studies on 633, 

645 

- from consanguineous 
marriages 633 

- high-risk children, pro- 
spective studies on 702 

- hybrid children 618 

- intellectual development 
of the 646 

chimpanzee (pan troglo- 
dytes) 583-588, 605, 607, 
608, 618, 623 

- pygmy chimpanzee (pan 
paniscus) 585 

- trisomy 21 589 

Chinese 611 

- hamsters 462 
chironomus tentants 84 
chloramphenicol resis- 
tance 149 

chloride 

- cesium chloride densitiy 
gradients 85 

- channel activity 112 
cholera 520, 538 

- and blood group 0 538 

cholesterol 

- accumulation of 295 

- blood concentration 219 

- elevated cholesterol le- 
vels 251 

- hypercholesterolemia, fa- 
milial (see also there) 



134, 245, 247, 295, 345, 397, 
738 

- LDL (low-density lipopro- 
tein) 247 

- metabolism 367 

- reduction 251 

- for storage 348 

- synthesis 348 

- and triglyceride 345 
cholestyramine 349 
cholic acid and steroid hor- 
mones 348 

cholinergic synapses 681 
cholinesterase 

- enzyme status 336 

- levels of activity 337, 

630 

- pseudocholinesterase (see 
also there) 153, 293, 336 

- (serum)-i 499 
chondroectodermal dyspla- 
sia 576 

chondroitin 4- and 6-sul- 
fates 274 
chorion / chorionic 

- gonadotropin, human {see 
HCG) 377, 378 

- monochorionic pairs 233 

- villus biopsy 324 

- villus sampling 387, 718, 
719, 722, 730 

chromatid 

- breaks 37, 53 

- half-chromatid muta- 
tions 411, 412 

- sister chromatids in mito- 
sis 16 

chromatin 

- chemical composition 
of 86 

- domain 119 

- heterochromatin (see be- 
low) 36, 37, 67, 85, 86 

- integration of 87 

- spatial relationships of 
361 

- stability 593 

- structure 83, 123 

- - complex chromatin 
structure 123 

- X chromatin (see below) 
27> 69, 72, 76 

chromosome(s) / chromoso- 
mal 

- aberration(s) 4, 76, 78, 
79, 141, 241, 370-376, 380, 
386, 387, 394> 398, 424> 

426, 434, 469, 472, 477, 
486, 510, 585-589, 592, 593, 
711, 743, 745 

- - abnormal phenotypes 
due to 375, 380 

- - aborted fetuses 78 



- - brain morphology in 
666 

- - cellular studies 375 

- - chromosome-type 
475 

- - incidence of 76, 77 

- - induced abberrations 
466 

- - miscarriages 743 

- - neoplasias with con- 
stant 440 

- - nonbalanced structur- 
al 481 

- - numerical or structur- 
al 141, 426 

- - psychological abnorm- 
alities 659 

- - sex chromosome 666 

- - spontaneous aberra- 
tions 466 

- - structural 387, 394, 
481, 618 

- - syndromes 241 

- - of the X chromosome 
660 

- acrocentric 32, 37, 44, 85, 
392 

- - acrocentric marker 36 

- - satellite regions of 85, 
392 

- anomalies 67, 77, 371 

- - among spontaneous 
abortions 469 

- - constitutional 67 

- - frequency of 77 

- autosomal chromosome 
aberrations (see below) 

61 

- banding /bands 28, 84, 
116, 592 

- - development of 592 

- - G dark 84 

- - G light 84, 116 

- - nomenclature 58 

- bar codes 95 

- breakage 56, 171, 433, 

451, 485, 586 

- - radiation-induced 
586 

- - syndrome 451 

- cancer 433 

- changes in leukemia 442 

- chromosome 2 588, 603 

- - human, development 
of 588 

- chromosome 6 177 

- chromosome 7, long 
arm 111 

- chromosome 11 (11 p) 101 

- chromosome 13, long arm 
of 446 

- chromosome 16, mouse 
374, 375 



- chromosome 21 48, 52, 

350, 374, 375, 389, 392 

- - extra 389 

- - human 374, 375 

- defects 244 

- deletions 378 

- dicentric chromosomes 
476, 477 

- - metaphases with 461 

- diseases 397, 481 

- disomies 365 

- DNAs 93 

- domains 363 

- electron-microscopic 
images 37 

- eukaryotic 85 

- evolution 59, 576, 585, 
588, 592, 601 

- - speed of 592 

- examination(s) 385, 712 

- - to frequent mutations 

385 

- fragile sites 37, 445 

- fragments 60 

- gaps and breaks (see be- 
low) 52, 53, 485 

- germ cells and embryos 
79 

- giant 163 

- gibbon 588 

- HD chromosomes 108 

- heteromorphisms 36, 

389, 392 

- human 16, 17, 83, 592 

- - number of 16 

- - spermatozoa 31 

- identification 392 

- in situ suppression (see 
also CISS) 95 

- individual characteriza- 
tion 31 

- instability/ instability 
syndromes 5, 290, 432, 
433, 453 

- - increased, hereditary 
syndromes 431 

- - - molecular mechan- 
isms 434, 437 

- - syndrome(s) 436, 

449, 454 

- inversions 588 

- irradiated in vitro 464 

- jumping 111, 173 

- loss 468 

- - loss in human mouse 
cell hybrids 171 

- malformations, screen- 
ing 725 

- maps / mapping of 17, 
163, 164 

- marker chromosomes (see 
below) 60, 434, 438 

- maternal 365 
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chromosome(s) / chromoso- 
mal 

- meiotic 87 

- microdissected 95 

- mitochondrial 149 

- mitotic 25, 87 

- - mitotic metaphase 30 

- model, molecular 83 

- morphology 170 

- mouse 592 

- murderer chromosome 
662 

- mutations 44, 385, 386, 
462, 468, 742 

- - de novo 387 

- - germ cells of mice 465 

- - induced in early cell 
stages 463 

- - numerical 44 

- - radiation induced 466 

- - somatic chromosome 
mutation after exposure 
to radiation 476 

- nonrandom expulsion 
44 

- number of 26, 385 

- painting 28, 60, 94 

- pathology 44 

- Philadelphia chromosome 
(Pff) 440, 441, 454 

- production of 88 

- rearrangements 331, 385, 
453, 461, 518, 585, 589> 592, 
601, 722 

- - carcinogenesis due to 
444 

- - leading to closer link- 
age 518 

- - parental 722 

- repair 451 

- research 3 

- ring chromosome 56, 

60, 461, 476 

- sex chromosomes (see 
also below) 69, 376 

- speciation 585, 592 

- structure 87, 607 

- - integrated model 87 

- studies 137, 210 

- - on abortions 137 

- syndromes 469 

- transmitted, abnormal- 
ities 714 

- walking 111 

- variants, evidence from 
392 

- X chromosomes (see also 
below) 45, 70, 72, 85, 114, 
177, 187, 188, 376, 390, 39h 
393, 592 

- Y chromosome (see also 
below) 36, 140, 160, 173, 
376-378, 576 



- YACs (yeast artificial 
chromosomes) 90, 92 

chronic granulomatous dis- 
ease (see CGD) 
cigarette smoking (see also 
smoking) 247, 743 
circuitry, dentohippocam- 
pal 629 

cirrhosis of the liver, child- 
hood 227 

czs- acting promoters 306 
c/s-phase (or coupling 
state) 122, 164, 166 
cfs-trans effect 122, 176, 180 
CISS (chromosome in situ 
suppression) 95, 99, 588 

- hybridization 99, 477, 

588 

- hydatiform mole 49, 365 
cistron 122, 123 

citric acid cycle 119 
citrullinemia 424 
civilization, irradiation due to 
modern civilization 470 
cleft lip / cleft palate 222, 
233, 237, 295, 369, 371, 714 

- selection against 745 
clogging process 656 
clones /cloning 90, 109, 

111, 215, 267, 741 

- cDNAs, defining the IT15 
transcript 109 

- cloning capacity of plas- 
mids 90 

- of frogs 741 

- human being 741 

- positional cloning 109, 
111, 215, 257, 666, 670 

- YACs (yeast artificial 
chromosomes) 99 

clubfoot 237, 371, 372, 617 
clusters / clustering 

- of closely linked genes 
191 

- of mutations 188 
CML (chronic myelogenous 

leukemia) 20, 28, 223 
c-myc gene 443, 444 
CNS (central nervous sys- 
tem) 

- activity 608 

- disorders 719 

CoA reductase 349 
coated pits 349 
cobalamin (vitamin B^^) 281 

coding 

- DNA 90 

- region substitutions af- 
fecting 316 

codominant inheritance 
129, 130 

codon(s) 308, 414 

- degenerate codon 414 



- glutamic acid codon 414 

- initiation codons 414 

- polymorphisms 308 

- stop codons 414 

- valine codon 414 
coefficient 

- of apparent consangui- 
nity 556-558 

- inbreeding (see also 
there) 152, 214, 549-559, 
566, 569, 571 

- Kinship coefficient 550- 
552 

- selection coefficient 517, 
559 

coenzyme(s), precursors 
of 281, 296 

- (vitamins) 296 
cognitive 

- abilities 564, 647, 663- 
665 

- - special 647 

- - test for (BPP test) 

663, 665 

- learning 606 

- measured by IQ 670 

- performance 565, 710 

- processes, basic 640 
coiling, three higher orders 

of coiling 119 
Colchester survey 637 
colchicine 26 
colicins 90 
collagen, type III 351 
coloboma of the iris 234 
colon (colorectal) cancer/ 
tumors 449, 452 

- formation of 450 
colony-stimulating factor 

175 

color 

- blindness 233, 400 

- vision 27, 118, 390, 392, 
610, 696 

- - defects 610, 651, 652, 

729 

- - discrimination 652 

- - gene defects 27, 118 

- - genetics of 651 

- - pigment genes 652 

- - trichomatic 652 

- - X-linked 27 
common disease(s) 3, 21, 

163, 240, 244, 245, 290, 
299, 520, 616, 714 

- birth defects, common 
245- complex analysis 19 

- etiology of 16, 163 

- - with complex etiolo- 
gy 163 

- genetic 3, 6, 244 

- - basis 6, 647 

- - elucidation 3 



- of major psychosis 714 

- of middle life 245, 490, 

714 

- psychoses, common 245 

- susceptibility 298, 616 
communication, scientific 

- channels of 457 
compartmentalization 119, 

601, 681 

- of science 681 
complement component-3 

498 

complementation groups 
435, 436 

complex diseases, genetic 
components of 696 
compound heterozygotes 
135, 136, 267, 278 
compulsive 

- neurosis 671 

- obsessive-compulsive 
neurosis 671 

computers / computer pro- 
grams for analysis / for 
testing 167, 168, 210, 752 

- of family data 752 

- of linkage 168, 784 

- - and estimating map 
distances 168 

COMT (catecholamine O- 
methyltransferase) 682 
c-onc genes 442, 443 
concept(s) 

- developement of 630 

- heritability 205, 248 

- gene concepts 13, 14, 122, 
123, 208 

- mystical concepts of 
race 18 

- transempirical 208 
concordance 

- higher concordance be- 
tween twins 650 

- of MZ twins 636 
cone(s) 652 

- degeneration 654 

- in the retina 651 
congenital 

- anomalies 481, 564 

- deafness 549 

- dislocation of the hip 

237 

- heart disease 222, 233, 
287, 371, 372, 374, 520, 745 

- hypothyroidism 724 

- malformations 233, 245, 
472, 563, 617 

- - major 473 
Congo 313, 314 
connective tissue 262, 350 

- disorders of 350 
consanguinity / consangui- 
neous 5, 15, 133, 134, 214, 
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278, 288, 298, 480, 549- 
569, 576, 578, 580, 714 

- children 553 

- close 567 

- coefficient of apparent 
consanguinity 556-559 

- data on intelligence 565 

- decline 556, 558 

- degrees of 562, 568 

- effects of 559, 561, 564, 
568 

- marriage 133, 298, 397, 
550-564, 566, 744 

- - children from 633 

- - in Japan 558 

- - types of 550 

- of maternal age 472 

- matings (see also there) 
145, 288, 549-553, 559, 563, 
575, 576 

- mentally retarded chil- 
dren 567 

- nonconsanguineous (see 
there) 552, 563 

- offspring of 568 

- parental 5, 558, 564, 566 

- rate of 134, 154 

- studies 562, 566 
consciousness 607, 668 

- alteration of 668 
consensus changes 316 
constraint, areas of 87 
constructs, high-level /high- 

order 208, 209 
contact inhibition 263 
contamination, radioactive 
470 

contigous gene syndrome 

67, 323, 366 

contraception 716 
control / controlling 

- elements 114 

- genes 362 

- negative control 361, 362 

- positive control 361, 362 
Cooley anemia 528 
COPD TTj^ 228 

copy error hypothesis 415 
corn cobs 114 
cornea plana congenita 
579 

coronary 

- artery disease 250 

- - preventing coronary 
artery disease 248 

- heart disease 219, 237, 
241, 244-250, 345, 349, 

482, 714, 755 

- - assortative mating for 
coronary risk factors 
246 

- - congenital 745 

- - death rate 246 ' 



- - etiology, multifactoral 

247 

- - familial aggregation 
of 250 

- - familial hypercholes- 
terolemia in 134, 245, 

247, 248 

- - genetics of 246 

- - premature 246, 248, 

251, 478 

- - susceptibility to 252 

- - thrombotic 249 

- - twin studies 246, 248 
correction 156 

- mechanisms, normally 
suppressed 454 

correlation(s) 

- age correlation 159 

- - age of onset 16 

- between relatives 207 

- intrafamilial (see below) 

16, 133 

- for stature, midparent- 
child 203 

cortical atrophy, cerebral 
282 

cortisol 295 
cortisone 369 
cosmic radiation 469 
cosmid contigs 106 
cost-benefit calculations 

725 

co-twin control method 
240 

coupling {see also cis 
phase) 122, 164, 166 
cousin, first cousin (see 
there) 

CpG 

- base pairs 414 

- demethylation of 485 

- dinucleotides 415, 599, 
603, 655 

- islands 173, 366, 413, 414 

- sequences 414 
craniosynostosis 369 
creatine phosphokinase 

(PK) 291, 341, 714, 715 

- in Duchenne muscular 
dystrophy 291, 714, 715 

- enzyme assays 715 
cretinism with goiter 285, 

671 

Creutzf eld- Jakob disease 

351 

cri du chat syndrome 58- 
bo, 366, 397 

criminality / criminals 17, 
18, 656, 658, 662, 664, 677 

- in adoptive children 

657 

- concordance rate of MZ 
and DZ twins for 657 



- crime rate of XYY men 
663 

- trend for 664 
cross reactions 

- cross-reacting material 
(CRM) 259, 298 

- serological 182 
crossing-over 59, 118, 163, 

170, 176, 179, 185, 188-191, 
320, 323, 416, 422, 502, 505, 
507, 533, 779 

- between D and E 179 

- between X and Y 41 

- between HLA-A and 
HLA-C genes 185 

- double 779 

- events 311 

- left-ward 320 

- numerous crossing over 
events 163 

- right-ward 320 

- unequal 118, 178, 188- 
190, 331, 385, 416, 502, 533, 
596, 653 

- - consequences of 189 

- intrachromosomal 191 

- - principles of 189 
Crouzon syndrome 480 
CTG 143 

culture /cultural 

- culture-free tests 707 

- evolution 583, 623 
cushion, endocardial 374 
CVS 388 

cyanide, anosmia for 650 
CYP,D6 

- (debrisoquine hydroxy- 
lase) variant 343 

- gene 340 

- polymorphism 339 
Cyprus 726 

cystathionine / cystathioni- 
nemia 567 

- /3-synthase activity 374 

- synthase / synthetase 
262, 295 

cystic fibrosis {see CF) 
cystinosis 153, 579 
cystinuria 15, 16, 567 

- homocystinuria 295, 

505, 567 

cytochrome 

- cytochrome b558 111 

- cytochrome c 595, 596 
cytofluorimetric chromo- 
some sorting 91 

cytogenetics 5, 6, 401, 402, 
439 

- clinical 5 

- human 25 ff. 

- molecular 94 

- visible deletions, cytogen- 
etically 397 



cytokines 739 
cytosine 99 

- methylated 414 

- 5-methylcytosine 414, 

415 

cytoskeleton 349 
cytostatic 

- drugs 486 

- treatment 487 
Czarevich Alexei of Russia 

137 

D 

2D 

- analysis 366 

- generalized distance 569 
dairy husbandry 206 
Darwinian / Darwinism 

- evolution 500 

- fitness 508, 509 

- neo-Darwinian theory of 
evolution 597 

- social Darwinism 606 
data 

- African data 338 

- American data 338 

- confidentiality of genetic 
data 730 

- consanguinity data on in- 
telligence 565 

- data banks 740 

- databases 

- - of databases 758 

- - and expert systems 
757, 758 

- DNA data and protein se- 
quences 758 

- dystrophin gene, data 
set 415 

- family data, computer 
programs for analysis of 
752 

- genome data bank 759 

- radiation estimates on 
human data 477 

- risk estimates on human 
data 477 

- twinning data 160, 207, 
228, 695, 769 

DBH (dopamine-/3-hydroxy- 
lase) 682 

deaf/ deafness 135, 149, 

216, 245 

- congenital 549 

- deaf-mutism 135, 553, 566 

- - pedigree of 135 

- profound childhood deaf- 
ness 579 

- tone 656 

death and aging 452 
debrisoquine 337-340, 343 

- CYP^Db (debrisoquine 
hydroxylase) variant 343 
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debrisoquine 

- debrisoquine-sparteine 

- - polymorphism 337 

- - system 451 

- metabolic ratio 340 

- oxidation of 338 
defense 

- humoral by antibodies 

325 

- system 325 ff. 

- - defect genes in 334 
degeneration 13 

- cone 654 

- of photoreceptors 655 
dehydrogenase 

- acetaldehyde dehydrogen- 
ase (ALDH) 679 

- alcohol (ADH) 628, 679 

- aldehyde 628 
deletion(s) 58, 115, 147, 195, 

301, 310-314, 320, 325, 365, 
366, 378, 385, 397, 413-418, 
424, 426, 461, 467, 490, 

533, 568, 596 

- /3-globin gene 417 

- breakpoints 416 

- chromosomal 378 

- cytogenetically visible 
397 

- deletion/duplication le- 
sions 418 

- deleterious genes 568 

- ZI508 deletion 290, 507, 
508 

- distribution of 415 

- in DNA 411 

- dystrophin deletions 417 

- Hbd 312 

- Hb^y 312 

- Hb^y 312 

- heteroplasmic 147 

- LDL receptor gene dele- 
tion 417 

- mapping 148, 172 

- molecular mechanisms 
416 

- mutations 317 

- nondeletion (see there) 

- patients with retinoblas- 
toma 447 

- principal types 320 

- recessive genes, deleter- 
ious 566, 567 

- short 417 

- small 67, 365 

- submicroscopic 426 

- syndromes 58 

- terminal 58 

- in Xp2i 111 

- within one gene 397 
DELTA {A) 

ZI508 deletion 290, 507, 

508 



A deviation from linkage 
equilibrium 184 
A mutation 112 
delta (d) 
d-chains 595 
(5-Hb 303, 306 

- deletion of 312 

- Hbd®" 306 

- Hbd-y5 (see there) 310, 
312 

deme(s) 549, 610 
dementia 106, 350 

- d. praecox 700 

- progressive 106, 579 

- - with lipomembranous 
polycystic osteodyspla- 
sia 579 

demethylation 366, 415 
dentinogenesis imperfecta 

783, 785 

dentohippocampal circuity 
629 

depression / depressive 
659, 678, 693, 695, 703 

- disorders, adoption study 
on 695 

- major 697 

- manic-depressive pa- 
tients 695 

- nonpsychotic 693 

- unipolar 693, 694 
dermal hypoplasia, focal 

140 

dermatan sulfate 274, 276 

- and heparan sulfate 
274 

- S-labled 276 
dermatitis, atopic 218, 219, 

335 

dermatoglyphics 764 
deseased children, autopsy 
373 

deterioration 

- of language 350 

- in normal functions 
747 

- somatic cell 453 
deterministic and stochastic 

models 508, 571 
deutan 

- d. defect 654 

- d. loci 177 
deuteranomaly 390, 653, 

654 

deuteranopia 652-654 
developing countries with 
many urgent medical and 
economic problems 122 
development / developmental 

- blastocyst 370 

- early 368 

- embryonic (see also 
there) 258, 302, 334, 353, 



361-368, 374, 376, 469, 607, 
625, 666 

- and evolutionary biolo- 
gy 667 

- fetal 568 

- field 371 

- - defect 373 

- first stages of 363 

- genetics 7, 361 

- - basic problem 361 

- germ cell development, 
stage of 468 

- gonads, human 377 

- intellectual development 
of the child 646 

- male development, in- 
complete 377 

- normal, mechanisms of 
373 

- on and of turning 380 

- pattern development 

369 

- physiology 361 

- psychomotor develop- 
ment, deficiencies of 
659 

- sexual development, ab- 
normal 660 

- stages 370 

- structure of 369 

- synaptic connection 702 

- timetable of human intra- 
uterine development 370 

dextromorphan, cough sup- 
pressant 340 

diabetes mellitus (see also 
insulin) 3, 148, 158, 237, 
238, 241, 242, 246, 294, 

482, 616, 755 

- diabetes carryer 247 

- diabetes-deafness syn- 
drome 149 

- discordance for, MZ adult 
pairs 238 

- frequencies 616 

- insulin therapy 294 

- maturity-onset diabetes of 
the young (MODY) 242 

- pathogenetic pathways 
leading to 243 

- type I (juvenile) 223, 

224, 242, 244, 393 

- type II 242, 244, 616 

diagnosis / diagnostic 

- categories, not clearcut 

159 

- DSM III (diagnostic and 
statistical manual of men- 
tal disorders) 697 

- medical /medical genet- 
ics 4, 758 

- prenatal (see also there) 

8, 20, 21, 64, 66, 263, 278, 



324, 666, 711 ff., 718 ff., 730, 
737, 743, 744, 746 

- X-rays use 462 
diallelic mode of inheri- 
tance 212 

diaphyseal aclasis 142, 396, 
399 

diarrhea(s) 

- congenital chloride diar- 
rhea 579 

- E. coli and infectious 
diarrheas 539, 540, 542, 
544 

- infantile 542 
diastrophic dwarfism 579 
diathesis-stress hypothesis 

699 

dicentric chromosomes 
476, 477 

- metaphases with 461 
Diego 498, 611 

- blood type 611, 749 

- polymorphism 498 
diet / dietary treatment 

- low-phenylaline 285, 287 

- - beneficial effects 287 

- phenylaline-free 287 

- phenylalanine-restricted 

293 

- PKU 286 
differentiation 361, 362, 

376, 380, 444, 447, 601 

- B cell differentiation 
332 

- embryonic development 
and differentiations 334, 
361 

- fertility, differential 608 

- of gonads 376 

- male differentiation 376 

- mechanism of 601 

- mortality, differential 
608 

- mucopolysaccharidosis, 
differential diagnosis and 
treatment 278 

- of organ systems 368 

- role differentiation 234 

- sex differentiation (see 
there) 17, 166, 169, 373, 

376 

- tissue 380 
dihydropteridine reductase 

deficiency 724 
dihydrotestosterone 347, 

377, 380 

- 5-dihydrotestosterone 

377 

dinucleotides, CpG 655 
dipterae 164 
direct method 386, 394 
disadvantages, selective 
394, 397 
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discordance / discordant 

- analysis of 237 

- monozygotic twins 
(MZ) 697 

- - discordant for schizo- 
phrenia 698 

disease(s) (see also syn- 
dromes) 

- balanced 610 

- bipolar disease 693 

- chromosomal disease 
481 

- common diseases (see 
there) 

- complex diseases, genetic 
components of 696 

- concepts of 240 

- - monocausal disease 
concept 241 

- coronary heart disease 
(see there) 

- diagnosis of 240 

- frequency in adopted 
children 244 

- genetic of 244 

- international classifica- 
tion of diseases (ICD) 

697 

- maple syrup urine dis- 
ease 671 

- mental disease 681 

- - discussion of 666 

- monogenetic diseases 

711 

- multifactorial 481, 482 

- - group of 490 

- natural system of 702 

- patterns 608 

- receptor diseases 672 

- theory of 240, 244 

- xeroderma pigmentosum- 
like diseases, enzyme de- 
fects 435 

disomy/ disomies 77 

- paternal 365 

- uniparental 49, 365, 366 
disposition 

- cancer 437 

- general 218 
disruption 371 

- sequence 373 

- syndrome 373 
distribution 

- bimodal 197, 199 

- binominal 154, 202 

- normal 155, 198, 201 

- Poisson 154, 573 

- trimodal 200 

- unimodal 198 
disulfiram (antabuse) 679 
diversity, genetic 650 
dizygotic twins (DZ) (see 

twins) 



DMD (Duchenne muscular 
dystrophy) 67, 84, 95, 97, 
101, 111, 156, 233, 291, 395- 
401, 408-411, 415, 713-716, 
725, 739, 743, 777-779 

- carrier detection of 97, 

713 

- carrier status 410 

- creatine phosphokinase 
(PK) 291, 714 

- diagnosis 409 

- linkage analysis in 779 

- linked recessive 156 

- mutation rate 409 

- no sex difference in mu- 
tation rates in 409 

- sporadic 411 

- type of 395, 4o8, 715, 

716, 743 

DNA (deoxyribonucleic 
acid) 

- alterations in DNA le- 
vels 195, 298 

- amplifications 594 

- analysis 308, 411, 413, 

719, 776 

- - direct 776 

- - in prenatal diagnosis 

719 

- ancient 584 

- bacterial 84 

- base /base pair se- 
quence 15, 124 

- binding motifs 369 

- cDNAs (see below) 84, 
91, 92, 94, 104, 109, 112, 
226 

- chromosomal DNAs 93 

- coding 90, 361 

- comparison of 374 

- content 380 

- contig building 728 

- damage 486 

- data and protein sequen- 
ces 758 

- defects of 434 

- deficient cells 284 

- deletion in 411 

- diagnosis 713, 720, 723, 
778 

- - direct 713 

- - indirect 713, 723, 778 

- DNA-hemoglobin gene 
304 

- DNA-RNA hybridiza- 
tion 61, 85, 87 

- - in vitro 85 

- donor 116 

- double helix 86, 92, 195, 

369 

- drosophila DNA 369 

- duplication 331 

- euchromatic 86 



- excision repair 290 

- flanking DNA 306 

- foreign 89, 91 

- - introduction of 91 

- fragments 92 

- G6PD, DNA sequence of 
269 

- gene 

- - gene/DNA level 195, 
329, 350, 510 

- - from genes 623 

- genomic 376 

- genotyping 340 

- Halo fraction 97 

- haplotypes 241, 505, 569, 
596 

- - around identical rho- 
dopsin mutations 655 

- - and recessive muta- 
tions 505 

- - variant 241 

- helicase 432 

- human 84 

- - mitochondrial 593 

- hybridization 93 

- - comparative genomic 
hybridization of DNA 
99 

- infectivity influenced 

89 

- and interactions with 
mRNA 361 

- level 21, 114, 263, 331, 

362, 385, 394, 401, 413, 702 

- - analysis at 401, 413 

- - assessment of chan- 
ges 465 

- - diagnosis at 21 

- - estimates at 413 

- - genetic variability 114 

- - resolution at the 681 

- library 92 

- linkage, variants in 176 

- locally amplified 97 

- marker 106, 163, 172, 173, 
219, 279, 389, 394, 421, 447, 
450, 729 

- - exactly localized 173 

- - groups of 163 

- - linkage /linked 

- - - DNA markers 713, 
759 

- - - equilibrium 421 

- - in population associa- 
tion studies 250 

- - studies 250, 503, 729 

- - - applications of 503 

- - X-linked 658 

- methods 292, 350 

- methylation 451 

- - differences in 366 

- microinjection 735 

- minisatellites 402 



- model 300 

- molecular analysis 6 

- mtDNA (organization of 
human mitochondrial 
genome) 121, 122, 145, 
148, 160, 503, 593, 602, 603 

- - phylogenic tree of 
602, 603 

- noncoding DNA 501 

- nontranscribed 87, 401, 
505, 601 

- nuclear 120, 121, 424 

- nucleotide 

- - change of 257 

- - sequence of 99 

- ovalbumin gene 104 

- pattern 503 

- phage DNA 89 

- polymerases, efficiency 
of 415 

- polymorphisms 21, 114, 
122, 164, 165, 172, x8o, 306, 
323, 387, 392, 397, 398, 501, 
503, 521, 532, 599, 601, 602, 
713, 762, 763 

- - and evolution 602 

- - and gene assignment 
172 

- - at the globin genes 
306 

- - at the Hb^ locus 323 

- - highly variable 601 

- - Hind III 165 

- - mitochondrial 503 

- - studies 532 

- - types of 501 

- polyoma viral DNA 442 

- probe 93, 195, 503 

- product, biochemical le- 
vel 195 

- protein 

- - analysis 196 

- - protein-defective virus 
conjugates 738 

- recipient 116 

- recombinant (see also 
rDNA) 4, 88, 90, 294, 
345, 376, 738, 740 

- regions, not represented 
in the cDNA 102 

- repair 452 

- - defects of 451 

- - mechanisms (see also 
repair mechanisms) 435 

- repair enzyme 435 

- repeated-sequence 87 

- repetitive 83, 84, 119, 593 

- replication 54, 88, 100, 
407-412, 414, 416, 423, 

600 

- - copy error in 411 

- - cycles/generation 601 

- - errors of 423 
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DNA (deoxyribonucleic 
acid) 

- replication 

- - last DNA replication 
before meiosis 412 

- - deficiencies of 439 

- - mechanisms of 437 

- satellite 85, 87, 593> 594, 
601, 602 

- - human 594 

- - species-specific 594 

- sequences 1, 15, 85, 89, 
97-100, 123, 124, 269, 301, 
361, 378, 402, 416, 501, 703, 
596, 597, 601, 602, 727-729 

- - around the deletion 
breakpoints 416 

- - methods for 99 

- - nontranscribed 596, 
601 

- - transcribed 596 

- single base substitutions 
of DNA 426 

- single-copy 83, 84, 101 

- sperm, DNA modifica- 
tion 737 

- strands / stranded 83 

- - complementary 83 

- - double strands 83, 90 

- - - denaturation of 94 

- - - reannealed 84 

- - single-standed 92, 94 

- - transcribing strand of 
the DNA 177 

- stretches 331, 402 

- - duplicated 331 

- - transcribed 402 

- strings, histone-depleted 
"naked” 97 

- structure 94, 402, 631 

- - model of 402 

- studies 137, 385, 397 

- synthesis 30, 39, 101, 116, 
375 

- - regular 39, 40 

- - retarded rate 375 

- - unscheduled 40, 436 

- tDNA map (see below) 146 

- techniques /technology 
19, 21, 170, 196, 289, 401, 
761 

- - in medical genetics 21 

- telomeric 85 

- test(s)/ testing 713, 7i5 

- - for monogenic (Men- 
delian) disease 713 

- transcribed 594 1 

- transfer 368, 740 

- - cross-species 740 

- transposing 115 

- triplet expansion 418, 419 

- - hereditary diseases 
418 



- unwinding, helicase de- 
fect 438 

- variants 21, 250, 252, 257, 

307, 324, 365, 495, 666 

- - polymorphisms for 
495 

- vectors 90 

- Watson-Crick model 733 

- in white blood cells 670 
DNase I digestion 97 
domestication 733 
dominant / dominance 

- abnormalities, biochemi- 
cal basis 299 

- autosomal dominant X- 
linked phenotypes 397 

- diseases, mechanisms of 
352, 353 

- incomplete 217 

- and recessive conditions 
in humans and animals 

145 

- skeleton mutations, radia- 
tion-induced 216 

- variance 206 
dopamine 630, 682, 702 

- dopamine-/5-hydroxylase 
(DBH) 630, 682 

- hyperactivity of 700 

- methylation of 700, 701 

- receptor 683, 700 

- - number of 341 

- - subtypes 684 

- system 700 
dose /dosage 

- compensation 71, 72 

- - gene 71 

- - X chromosomes 72 

- doubling dose 467, 468, 
473, 482 

- - estimate 474 

- effects 134 

- - curve(s) 461, 467 

- - - paradoxic 467 

- - relation /relationship 
460, 473 

- - - nonlinear 460 

- factor 

- - mutation rate 459 

- rate 

- - during professional ex- 
posure 471 

- - effect 467 

- - high 460 

- - low 460 

- - - very low 471 
dosimetry, biological 477 
double 

- bar 188 

- helix 86, 369 

- - DNA (see there) 

Down syndrome 

(mongolism, see also tris- 



omy 21) 17, 21, 25, 26, 

44 ff., 49, 52, 60-63, 79, 
371, 374, 375, 387-389, 393, 
396, 397, 431, 474, 490, 589, 
633, 634, 659, 660, 716, 

718, 722, 725, 730, 743 

- association with translo- 
cation 716 

- children 393 

- clinical findings 46 

- frequency of 387, 476 

- incidence 388 

- micromanifestations of 

431 

- partial 47 

- patients, IQ of 659 

- phenotypes, mapping of 
48 

- population incidence of 

387 

- prevention of 725 

- reduction in 743 

- risk of 387 

- standard karyotype 46 

- translocation 52, 60, 722 
drift 

- antigen drift 544 

- founder and drift effects 
578 

- genetic drift 571-573, 
576, 578, 599, 705 

- - populations 549 ff. 

- random drift 600, 618 
drooling 366 
drosophila 25, 69, 70, 113- 

116, 163, 164, 170, 176; 188, 
196, 258, 271, 299, 369, 378, 
410, 424, 560, 727 

- DNA 369 

- fertility gene of 378 

- giant salivary chromo- 
somes of drosophila 188 

- melanogaster 84, 145, 
150, 163, 196, 424, 457, 459, 
460, 467, 487 

- - behavior patterns in 
625 

- - experiments 626 

- - white series in 150 

- mutation work with dro- 
sophila melanogaster 
410 

- sex determination 69 

- XXX 70 

drug(s) (see also pharma- 
ka) 

- action 668 

- addiction 659, 668 

- biotransformation 197 

- cytostatic drugs 486 

- elemination rate 342 

- hemolysis, drug-in- 
duced 270 



- mutagenic drugs, highly 
486 

- psychotropic 683, 701 

- reactions 210, 335, 339 

- - monogenically deter- 
mined 210 

- - unusual 335 

- receptors 668 

- resistance 740 

- toxicity 339 
dryopithecinae 583 
DSM III (diagnostic and 

statistical manual of men- 
tal disorders) 697 
D^ reaction 142 
Duchenne-type muscular 
dystrophy 480 
Duchenne muscular dystro- 
phy (see DMD) 67, 84, 
95, 97, 101, 111, 156, 233, 
291, 395-401, 408-411, 415, 

713-716, 725, 739, 743, 777- 
779 

Dujfy 32, 498, 571, 611, 613, 
614 

- blood group 571, 611, 

613, 614 

- locus 32 

- polymorphisms 498 
duplication(s) 25, 115, 178, 

230, 312, 415-418 

- chromosomal 25 

- deletion/duplication le- 
sions 418 

- DNA 331 

- genes 178,331,595 
dwarfism 294, 398, 576, 

579 

- diastrophic 579 

- Mulbrey 579 

- pituitary 294 

- thanatophoric 398 
dysautomomia, familial 

577 

dyscalculia 662 
dysfibrogenemias 346 
dysfunction, intellectual 
663 

dyslexia 656, 709 
dysmorphic looking chil- 
dren 711 

dysmorphogenetic causes 

371 

dystrophin gene 84, 97, 

101, 114, 158, 401, 409, 415, 
713, 778 

- data set 415 

- defect 411 

- deletions 417 

- diagnosis of deletions 
101 

- mutations of 415 

- X-linked 158, 713 
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DZ (dizygotic) twins 228- 
231, 245, 617, 632, 640, 642, 
656, 761 

- concordance in MZ and 
DZ twins 25, 235, 756 

- - for criminality 657 

- - difference in 235 

- - - in IQ points between 
MZ and DZ twins 641 

- - rates 252 

- coronary heart disease, 
twin studies 246 

- heritability calculations in 
MZ and DZ twins 643 

- intraclass correlations in 
MZ and DZ twins 643 

- MZ and DZ twins 674 

- rate of DZ 617 

- of the same sex 231 

- weight, of both sexes 233 

E 

early life, sensitive period 

365 

East Indians 317 

eating disorders 658 

ecogenetics 7, 20, 244, 258, 
289, 297, 335, 341, 647> 727 

- working hypothesis of 
343 

ecological conditions 525 

EDR (ethanol degradation 
rate) 342 

education / educational 

- compensatory education 
709 

- educability and group 
differences 647 

- index 665 

- opportunities for adults 
650 

EEC syndrome 480 

EEC (electroencephalo- 
gram) 199-202, 289, 379, 
670-676, 702 

- abnormalities 282, 289, 
700 

- a EEC 200 

- genetics of 674 ff. 

- low-voltage 199-202, 

674, 676, 680, 783 

- maturation 674 

- mechanisms of 680 

- minor EEC peculiarities 
289 

- patterns, sex difference 
674 

- potentials, evoked 677 

- reaction of the brain to 
alcohol 679 

- reactivity 680 

- resting 199 

- results 666 



- studies 681 

- - on eight XYY men 

665 

- variability of the 702 

- variants, molecular basis 
of 681 

- variations and personal- 
ity 675 

Ehlers-Danlos syndrome 

134, 350, 351 

electrolyte homeostasis 

367 

electromyograms (EMG) 

341 

electron-microscopic images 
of chromosomes 37 
electrophoresis 100, 309 

- altered electrophoretic 
mobility 263 

- starch gel electrophor- 
esis 497 

elliptocytosis 169, 197 
Ellis-van-Crefeld syn- 
drome 576 
Embden-Meyerhof path- 
way 263 

embryo(s) / embryonic 

- aberrant 76 

- death 365, 374 
early 365 

- development 258, 302, 
334> 353> 361-368, 374> 3/6, 
469, 607, 625 

- - and differentiations 
334, 361 

- - disturbances in 353, 

666 

- - genetic basis 361 

- - later phase 368 

- hemoglobins 303 

- - Gower I 303 

- - Gower II 303 

- - Portland 303 

- RNA synthesis 364 

- severely disorganized 78 

- stem cells 368 

- testicle 377 
emergence 607, 608, 667 

- of new properties 667 
emotional 

- development 650 

- learning 606 

- rats 462 

emphysema, obstructive 
227 

empirical risk /risk figures 
17, 160, 210, 636, 637, 693, 

698, 714, 755, 775 

- for affective disorders 

695 

- interpretation of 638 
EMS (environmental muta- 
gen society) 485 



endocardial cushion 374 
endocrine 

- disorders 294 

- neoplasia syndrome, mul- 
tiple (typ II) 450, 451, 
723 

endogenous psychoses 677 
endonucleases, restriction 
7 

end-organ response to the 
hormone 379 
endorphin 280 
energy/ energy sources 
362 

- clean energy 470 
enhancer 120, 444 

- regions 443 
enkephalin 280 
environment(s) / environ- 
mental 

- agent 343,353 

- carcinogenesis 343 

- chemicals 487 

- conditions 709 

- differences 206 

- enriched 628 

- factors 144, 145 

- - exposure to 144 

- genetic- environmental in- 
teractions 208, 246 

- influences 229 

- manipulation 294 

- - mutagen society 
(EMS) 485 

- social science, environ- 
mentalism of 606 

- stresses 298 

- value 205 

enzyme(s) 196, 198, 258 ff., 
278, 347 

- abnormal 347 

- activity 

- - to emerge 262 

- - influence of cofactors 
on 281 

- block 294 

- cofactors 281 

- defects 258 ff., 263, 266, 
270, 271, 276, 278, 298, 353, 
361 

- - analysis of 263, 298 

- - discovery and analysis 
of 261, 262 

- - genetic, phenocopy of 
270 

- - in glycolytic path- 
ways 265 

- - in humans 260, 261, 
298 

- - lysosomal 263, 272 

- - purine metabolism 
283 

- - specific 261 



- deficiency syndrome 
263, 266, 272, 275, 737 

- erythrocyte enzymes 
263, 499 

- G6PD enzyme assays 

268 

- genes and enzymes 
258 ff. 

- genetic control 361 

- glutathione conjugating 
enzyme 343 

- gout, enzyme activity in 
347 

- Hind enzyme 89 

- house-keeping enzyme 

269 

- one-gene /one-enzyme 

- - hypothesis 258, 260, 
279, 280 

- - relationship 353 

- polymorphism 198, 497 

- proteins 262, 346 

- - genes determining 
346 

- rare cutter enzymes 173 

- red cell 498 

- repair enzymes 45, 331, 
343 

- - genetic variation in 
343 

- restriction 21, 307 

- - enzyme polymorph- 
isms 307 

- specificities of 258 

- therapy 278, 293, 294 

- - pseudocholinesterase 
deficiency enzyme ther- 
apy 293 

- - substitution enzyme 
therapy 293 

enzyme(s) 

- assays in creatine phos- 
phokinase (PK) 715 

- defects 

- - in the urea cycle 668 

- - leading to mental defi- 
ciency 670 

- - xeroderma pigmento- 
sum-like diseases 435 

- deficiencies 623 

- erythrocyte enzymes 

- - variability of 623 

- therapy 738 

ephestia Kiihniella 258 

epidemiology, genetic / epi- 
demiologic 19, 345, 495 

- comprehensive epidemio- 
logical studies 401 

- measles, epidemic 610 

- methods 145 

- risk factors for coronary 
atherosclerosis 247 

- work 402 
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epidermolysis bullosa 133 
epilepsy/ epileptic 3, 158, 
199> 635, 674, 677> 681 

- epileptic seizures 270 

- fits, epileptic 671 

- myoclonic 147, 148, 576 

- seizures, epileptic 662 
epiloia 396 
epiphyseal cartilage 131 
episomes, complex, self-re- 

plicating elements 115 
epistasis 141, 206 
epithelium / epithelioma 

- e. adenoides cysticum 

134 

- olfactory 650 

- - neuroepithelium 651 
epoxide 343 

epsilon 
£-Hb 303 

Epstein-Barr virus 374, 

441 

equilibrium 525, 528, 529, 
558, 561, 575 

- achieve 397 

- between 

- - mutation and selec- 
tion 469, 490, 561 

- - mutation pressure and 
selection 478 

- concept 395 

- A deviation from linkage 
equilibrium 184 

- genetic 140, 395, 397, 5i5, 
528, 558 

- Hardy-Weinberg 152, 

496, 508 

- linkage 

- - disequilibrium (see 
there) 

- - equilibrium 166, 186 

- mutation-selection equili- 
bria 397, 510 

- for recessive genes 145 

- regulatory 374 

- semistable 529 

- stable 529 

- unstable 514-516 
erythroblastosis 515, 516 
erythrocyte 

- enzymes 263, 499 

- - variability of 623- hu- 
man 263 

- metabolic blocks in ery- 
throcytes 264 

erythrocytosis 309, 325, 

346, 413 

erythropoietin production 

309 

Escherichia coli (E. coli) 9, 
89, 115, 263, 296, 362, 539, 
542, 727 

- bacteriophages of 5 



- diarrhea 539, 540, 542, 
544 

- E. coli 086 540 

- glactose operon of 735 

- group 539 

- and infectious disease 
539 

- lactose operon of 362 

- phage-induced mutations 
in 115 

- phage of E. coli 424 

- strains, identifiable 539 

- tryptophan, synthetase A 
locus of E. coli 423 

Eskimo population 614 
esophagus carcinoma 450 
esterase 

- butyrylcholinesterase {see 
also pseudocholinester- 
ase) 153, 293, 335 

- cholinesterase 336, 337 

- esterase D 498 
ethanol degradation rate 

(EDR) 342 

ethical /ethical aspects 729 

- concerns 89 

- human ethology 605, 
606 

- issues 741 

ethnic groups 703, 705, 

706 

- IQ difference between 
706 

- minorities 710 
ethologists 365 
etiology 

- common diseases 16, 

163 

- coronary heart disease, 
multifactoral etiology 

247 

- thalassemia 313 

- virus etiology 439 
eugenic 

- considerations 711 

- history of 18 

- measures 11, 12, 17, 18 

- - negative 12, 17 

- - positive 17 

- movement 8, 640 

- propaganda 18 
eukaryotes /eukaryotic 93, 

115 

- gene action in 361 

- genomes 93 

- transposable elements 

115 

euphenics 741 
European racial group 603 
evolution 385, 583 ff. 

- adaptive 597 

- chromosome 59, 576, 
585, 588, 592, 601 



- clock, evolutionary 598, 
600, 603 

- cultural 623 

- Darwinian evolution 
500 

- and developmental biolo- 
gy 667 

- evolutionary sufficiency 
600 

- genetic 

- - aspects of 623 

- - mechanisms 583 

- history, evolutionary 
178 

- human 515, 518, 583 ff., 

741 

- mammalian 592 

- of mankind 495 

- molecular 191, 597 

- movable elements 115 

- mtDNA 603 

- mutation in 325, 600 

- neo-Darwinian theory of 
evolution 597 

- of proteins 594, 600 

- rates for different pro- 
teins 595 

- synthetic theory, conven- 
tional 597 

- theory of 208 

- trees, evolutionary 596, 
603 

- of the various light 
chains 331 

ex vivo strategies {see also in 
vivo) 738 

excision repair 435, 436 
exogenous cause 369, 372 
exon(s) 102, 344, 362, 601 

- exon-intron structure 

361 

- reshuffling 601 

- splice-cut intermediary 

362 

exostoses, multiple 396, 
399 

expert systems 740, 757, 

758 

explanatory 

- hypotheses 495 

- power 209 

- value 241 
expression 

- gene expression 292 

- nonexpression 366 

- regulation of 374 

- transgene expression 
366 

- variable expressivity 
132, 133, 141, 216 

extrapyramidal move- 
ments 132 
extraversion 234, 648 



eye 

- Aland X-linked eye dis- 
ease 579 

- eye muscle coordination 

217 

- strabismus 217, 218 
F 

Fj generation 129 
Fabry diseases 263 
face, anomalies of 374 
factor(s) 

- analysis 648 

- factor VIII (antihemophi- 
lic factor) 84, 92, 102, 
105, 114, 116, 293, 408, 413, 
415, 418, 780 

- - analysis of the human 
factor VIII 105 

- - blood clotting 92 

- - contaminated with 
HIV 225 

- - gene 106, 107, 415, 

596 

- - group 109 

- - hemophilia A (see also 
there) 413 

- - preparations produced 
by recombinant DNA 
techniques 105 

- - quantitative distribu- 
tions 408 

- - research strategy in 
elucidating the factor VIII 
gene 103 

- factor IX 114, 413, 415, 
416 

- - gene 413, 4i5 

- - mutations 416 

- - PTA (factor IX defi- 
ciency) 577 

falciparum 

- malaria (see also there) 
522, 523, 526, 543, 570, 571 

- plasmodium falciparum 
542 

familial /family 

- aggregation 159 

- amyloidoses 580 

- cardiomyopathy, familial 
hypertrophic 723 

- computer programs for 
analysis of family data 
752 

- dysautonomia 577 

- familial adenomatous 
polyposis (FAP) 449, 451 

- hypercholesterolemia (see 
also there) 134, 245, 247, 
248, 295, 349, 490, 672, 
714, 716, 738 

- hyperparathyroidism 
716 
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- intelligence test in famil- 
ies and twins 640 

- intrafamilial correlation 
(see below) 16, 133 

- investigations 632 

- monogenic familial hy- 
percholesterolemia 480 

- - type Ila 478 

- studies of affective disor- 
ders 693 

- two -children families 

134 

FanconVs 

- anemia 5, 58, 290, 343, 
425, 431-434> 437, 454, 739 

- syndrome 567 

FAP (familial adenomatous 
polyposis) 449, 451 
father 

- father/daughter 

- - incest 552 

- - matings 559, 566 

- twin pairs with two fa- 
thers 229 

faulty filtering of informa- 
tion 701 

fecundity / fecundability 
231, 232, 642 

- biological 232 
feedback 

- biofeedback 680 

- circle 362 

- inhibition 347 

- mechanism 

- - complex system 667 

- - negative 296 

- processes 681 

feeling tone 632, 642, 668, 
681 

feet, split hands and split 
feets 410 

felis catus (FCA) 590 
female 

- beauty, present-day 
ideal 379 

- behavioral differences, 
male/female 604 

- hemophilia, X-linked fe- 
mal homozygotes 138 

- meiosis 42, 43 

- mutation rate in 408 

- oogenesis in human fe- 
male 404 

- pseudohermaphrodit- 
ism 72 

- sex characters 377 

- testicular feminization 
(see also there) 376, 379, 
380, 672, 673, 683 

- X inactivation in 233 

- XO females 73, 490 

- - phenotype of 73 

- XY females 376 



Ferrara area 726 
ferric chloride reaction in 
urine 286 
fertility/ fertilization 

- differential 608, 609 

- effective 527 

- gene of drosophila 378 

- of patients 395 

- relative, in male germ 
cells 408 

- in vitro 737 
fetoprotein, a (see AFP) 
fetus /fetal (F) 

- abortion for fetal indica- 
tions 724 

- alcohol syndrome 567 

- development 302, 568 

- fetal loss 490 

- fetoscopy 718, 721 

- hemoglobin (see HbF) 

- maternal-fetal incompat- 
ibility 17 

- pathologists 373 

- suspectibility of the fetus 
to teratogenic agents 
368 

- tumors, various 719 
fibrillar proteins, abnor- 
mal 349 

fibrinogen 349 

- afibrinogenemia 153 

- y-fibrinogen 362 
fibrinonectin 362 
fibrinopeptides 595, 596 
fibroblast(s) 

- cultured 298 

- growth factor receptor-3 

398 

fibrosis, cystic (see also 
CF) 84, 109, 257, 289, 
368, 397, 505-508, 512, 527, 
564, 566, 576, 579, 723, 725, 
739, 744 
field defect 

- developmental 373 

- polytopic 371, 372 
fighting behavior 630 
filtering of information, 

faulty 701 
finger(s) 

- fingerprinting, method of 
protein analysis 300 

- ridge patterns of the fin- 
ger tips 264 

- spider fingers and toes 
262, 351 

Finland 

- Finnish gene pool 578 

- Finnish-speaking popula- 
tion 578, 580 

- population history 578 

- recessive disorders 578, 
579 



first-cousin(s) 278, 567 

- marriages (see marria- 
ges) 15, 16, 135, 565, 578 

- matings 214, 714 

- parents 567 

FISH (fluorescence in situ 
hybridization) 41, 68, 

94, 95, 97, 728 

- technique 41 

- two-color 97 
Fisher's hypothesis 178 
FITC (yellow fluorescence) 

590 

fitness 508-510, 513, 560, 
561 

- biological 508, 513, 606 

- Darwinian 508, 509 

- effect of variation of 560 

- optimum 510 
fixation 573, 592 

- probability of 573, 592 

- random 597 

- time of 599 

flavin adenine dinucleotide, 
coenzyme 270 
fluctuation test 425 
fluorescence 

- in situ hybridization 728 

- yellow (FITC) 590 
fluorochromes 94 
flushing 679 

folic acid 485 

- dependency 281 

- pathways in Fra X cells 
formal genetics 153, 439 

- of a mating 305 

foster and adopted children, 
studies on 633, 645 
founder effects 168, 575, 
576, 578, 580, 696 
four-cell stage 364 
fragile (FRA) 

- chromosomal fragile 
site 37, 445 

- FRA X (fragile X syn- 
drome) 409, 419, 420, 722 

- - cells, folic acid path- 
ways in 635 

- - (FMR-i) 419, 420 

- - mental retardation 

418, 635, 715, 718, 723 

- - mutation 108, 423 

- - syndrome 409, 419, 
421, 423, 478 

- FRA XA 420, 635 

- - locus 420 

- FRA XE 418, 420, 635 

- - (FMR-i) fragile site 
420 

- XLMR (X-linked mental 
retardation) 715 

frameshift(s) 195, 301, 325, 

423 



- mutations 310, 312, 314, 

336, 423 

freemartin 230 
French-Canadian popula- 
tion 505, 580 
Friedreich's ataxia 576 
frontal cerebral cortex in 
XYY patients 667 
fructose 

- fructose-i,6-diphos- 
phate 263 

- intolerance 579 
FSH 

- levels 231 

- production 296 
fur color in mice 73 
fusions, centric 60 
future 

- biological future, human 
species / of mankind 3, 
741 ff. 

- of human races 617 

- man and his future 733 

G 

G - A transition 147, 569 
G bands 31, 32, 117 

- G dark chromosome 
bands 84 

- G light bands of chromo- 
somes 84, 117 

G protein 683 

- taste-cell specific 656 
G6PD (glucose-6-phos- 

phate-dehydrogenase) 

20, 73, 74, 138, 177, 200, 
267-270, 335, 341, 345, 400, 

526, 527, 533, 571, 600 

- allele 439 

- deficiency 335, 341, 526, 

527, 533, 600, 696 

- - deficient cells 527 

- - deficient persons 
345 

- - evolutionary trends 
526 

- DNA sequence of 269 

- electrophroetic 

- - phenotypes 269 

- - separation of 74 

- enzyme assays 268 

- G6PD Hartford 269 

- G6PD Hektoen 269 

- gene for 177 

- and hemoglobin var- 
iants 533 

- level 200 

- locus 73 

- variants 269, 400, 526 

- - and falciparum malar- 
ia 526 

- - in human populations 
269 
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GABA (gamma-aminobuty- 
ric acid) 682 
galactokinase deficiency, 
heterozygotes 290 
galactose / galactosemia 4, 
424> 505, 512, 527, 567, 579, 
671, 725, 735 

- /5-galactosidase 364 

- galactose-i-phosphatase 
uridyltransferase 177 

- operon of E. coli 735 
Galton / Galtonian 

- Galtonian pardigm of hu- 
man genetics 638 

- paradigms of Mendel and 
Galton 13, 208, 624 

gametes /gametic 

- association 186 

- purity of 129 

- selection 513 
gametogenesis 366, 378 
gamma (y) 

- agammaglobulinemia 74 

- y-chains 595 

- y-fibrinogen 362 

- gamma-aminobutyric 
acid (GABA) 682 

- gammaglobulin levels, 
serum 610 

- y-Hb 303 

- - Hb^y, deletion of 312 

- - Hb^y, deletion of 312 

- hypogammaglobuline- 
mia 284 

ganglia calcification, basal 
701 

gangliosidosis 280, 576 

- Sandhoff gangliosidosis 
280 

gaps and breaks 52, 53 

- definition 53 
Gardner syndrome 716 
Garrod's paradigm 196 
gastrin 596 
gastrointestinal dysfunc- 
tion 350 

gastrula / gastrulation 363 

- postgastrula 363 
Gaucher 

- disease 278, 294, 505, 
576, 577, 579, 739 

- mutation 279 
GC 

- blood types 785 

- polymorphism 616 

- serum groups 616, 783 
Genain quadruplets 698 
GENDIAG, France 758 
gene(s) (see also genetic /ge- 
netics) 

- action /activity 27, 133, 
196, 208, 215, 257 ff., 292, 
361 ff., 367 



- - aspects of 367 

- - development genetics 
361 ff. 

- - during interphase 27 

- - levels of 292 

- - mechanisms of 209 

- - polygenic, models of 

245 

- - primary 196 

- - regulation of 188 

- additive 206, 208 

- admixture 570 

- affecting basic metabo- 
lism 187 

- amplification mutants 
108, 421 

- analysis of human genes 
89 

- androgen receptor gene, 
X-linked 673 

- in behavioral processes 
670 

- for blue pigment 652 

- C gene 332 

- c-myc gene 443, 444 

- for all chains, common 
origin of 330 

- clusters 176, 178, 187, 592 

- concept 13, 14, 122, 123, 
208, 647 

- - historical develop- 
ment 123 

- control genes 362 

- conversion 117, 118, 189, 
323, 522, 532, 533, 596 

- CYP2D6 gene 340 

- delimitation of 122 

- DNA 

- - from genes 623 

- - level 702 

- dominant 133 

- dosage compensation 

71, 592 

- duplication 178, 331, 595 

- dystrophin gene (see also 
there) 84, 97, 101, 114, 
158, 401, 409, 415, 713, 778 

- elucidation of 258 

- expression 292 

- and enzymes (see also be- 
low) 258 ff. 

- families 113, 352, 596 

- fixations 598 

- flow 570, 705 

- FMR-i gene 419 

- frequencies 7, 153, 496, 
497, 509, 517, 521, 527, 550, 
569-571, 580, 608, 611, 749 

- - in adult population 

527 

- - changes of 580 

- - - change fluctuations 
521, 569-571, 608 



- - - change in gene fre- 
quency 509, 517, 570 

- - effects of migration 
570 

- - extended considera- 
tion 496 

- - in infant population 

527 

- - marker genes 7 

- - shift in 509 

- gene/DNA level 195, 329, 
510 

- - analysis 329 

- globin genes, visualiza- 
tion of 325 

- haptoglobin (see also 
there) 228, 249 

- HB/3 gene (see also 
there) 20, 21, 83, 241, 

322, 401, 415, 521, 528 

- HLA genes 543 

- homeobox genes 361, 

369, 371 

- homeotic genes 369 

- homologous 

- - position homologous 
190 

- - structure homolo- 
gous 190 

- house-keeping genes 

414, 592 

- for Huntington disease 
106 

- integrator genes 362 

- involucrin 595 

- interactions 

- - gene- environmental 
208 

- - gene-gene 251, 345 

- jumping 424 

- lengths 84 

- liability 209, 213 

- libraries 91 

- localization 163, 172 

- - on an autosome 172 

- - loci located close to 
each other 176 

- - specific gene loci 196 

- major gene /gene effect 
(see also there) 201, 202, 
210 ff., 217, 219, 245, 258, 
695-699, 702, 753-755 

- mapping 163 

- MHC genes 596 

- modifying 141, 142, 399 

- mutability, gene Loci 
401 

- mutations (see also 
there) 380, 385, 386, 393, 
394, 411, 426, 469, 510, 743 

- - radiation induced 466 

- - single 631 

- myosin 257, 351 



- neutral substitutions 
597 

- new genes, spread of 575 

- noninactivated 75 

- nonsecretor gene 249 

- oncogenes (see also 
there) 442, 444, 445, 

449, 454 

- one-gene /one-enzyme 

- - hypothesis 258, 260, 
279, 280 

- - relationship 353 

- organization of human 
mitochondrial genome 
(mtDNA) 121, 122, 145, 
148, 160, 603 

- peptides, gene-deter- 
mined 369 

- peripherin/RDS gene 

655 

- pigment genes, color vi- 
sion 652 

- pool 152, 568, 576, 733 

- - dilution of 576 

- - Finnish 578 

- - human 730 

- - of the population 

711 

- producer genes 362 

- products, interaction of 
376 

- protein-binding 376 

- pseudogenes (see also 
there) 93, 102, 122, 303, 
306, 340, 599 

- for rare diseases 144 

- receptor genes 362 

- recessive, deleterious 
566, 567 

- regulation 21, 27, 361, 

362, 375, 376, 607 

- - cell-cycle regulator 
genes 445 

- - in higher organisms 
263 

- replication, mechanisms 
of 209 

- with related functions 
187 

- rhodopsin gene (RHO) 

654 

- selective 

- - activation of 331 

- - gene hypothesis 332 

- selfish gene 518 

- sensor genes 362 

- sickle cell gene 289, 521, 
522, 525, 526, 528, 530, 570 

- structure of 361, 601 

- symbols 173 

- T cell receptor genes 
442 

- targeting 368 



Subject Index 823 



- therapy 4, 8, 21, 285, 

292, 735 ff., 747 

- - approaches of 737 

- - germinal 8, 21, 292, 
736, 747 

- - human 736 

- - indications 738 

- - somatic 4, 21, 285, 

292, 368, 735, 737> 738, 740, 
747 

- thymidine kinase (TK) 

739 

- transferred 365, 367, 735 

- - methods of gene trans- 
fer 367 

- transforming genes at 
translocation junctions 
449 

- tumor suppressor 

- - genes 445, 447, 449, 
450, 452, 454, 474 

- - - inactivation 451 

- unstable 424 

- V genes or variable part 
328 

- walking 92 

- X-linked genes 188, 638 

- - involvement of 634 

- zinc finger genes 445 

general 

- anesthesia 668 

- intelligence, factor of 639 

Genethon linkage map 702 

genetic / genetic(s) / geneti- 
cally (see also genes) 

- abnormal rhodopsin ge- 
netically 654 

- adaptations 747 

- alterations, localization 
of 385 

- analysis 113, 157, 195 ff-, 
401, 568, 709 

- - levels of 195, 568 

- - at the phenotypic-bio- 
metric level 659 

- - new principle 113 

- aspects of 

- - alcoholism 677 ff. 

- - evolution 623 

- background 133, 141, 

210, 217, 249 

- basis of 

- - common disease 647 

- - schizophrenia 702 

- behavioral genetics (see 
also there) 7, 19, 228, 
234, 298, 568, 605, 623 ff., 
703, 705 ff. 

- biochemical genetics 
257, 401 

- blocks 196, 259, 260, 
265, 280, 281, 283, 285, 
286, 292 



- - complete 265 

- - phenotypic consequen- 
ces of different genetic 
blocks 283 

- cancer, gentic view of hu- 
man cancer 451 

- code 1, 88, 92, 122, 597 

- - of human mtDNA 122 

- - universal 88 

- of color vision 651 

- component 

- - in school perfor- 
mance 640 

- - of comples diseases 
696 

- concepts and methods 
439 

- confidentiality of genetic 
data 730 

- control 

- - complex 368 

- - mechanisms 262 

- counselers 711 

- counseling 4, 7, 12, 20, 
44, 63, 134, 135, 145, 154, 
176, 288-290, 324, 372, 

401, 402, 446, 511, 637, 693, 
699, 702, 711-718, 724, 730, 
731, 741, 744, 746, 747, 755, 
775 ff 

- - directive vs nondirec- 
tive 716 

- - directive 717 

- - nondirectiveness 665, 

717 

- - and psychological as- 
pects 717 

- - retinoblastoma 447 

- - rules for 372 

- - services 718 

- damage, genetic 468, 
560 

- - expressed 560 

- defect(s) 271, 295, 598 

- - mimicry of 271 

- - therapeutic possibili- 
ties 295 

- degree of genetic deter- 
mination 206 

- determination, structure 
and function 353 

- development, genetics 
of 7, 361, 362 

- diagnosis, techniques 
for 711 

- differences in alcohol up- 
take 627 

- disease, risk estimates 
for 479 

- disection of behavior 
624 

- distances 168, 569 

- diversity 650 



- drift 571-573, 576, 578, 
597-600, 696, 705, 742 

- - random 598 

- of the EEG 674 

- engineering 88, 116, 293, 
733 

- entities, discrimination 
158 

- epidemiology 19, 345, 
401, 495 

- equilibrium 140, 394, 

397, 511, 514, 515, 528, 558, 
570, 743 

- - stable 570 

- factors 345 

- formal genetics 439 

- Galtonian paradigm of 
human genetics 638 

- group differences 610, 
709 

- hazards, genetic to hu- 
mans 468 

- heterogeneity (see also 
below) 113, 135, 144, 157, 
167, 176, 196, 241, 261, 265, 
276, 284 ff., 299, 345, 380, 
399-402, 406, 432, 436, 
488, 655, 674, 696, 697, 

713 

- - nonallelic 713 

- human, research infra- 
structure 727 

- hypothesis 157, 202, 215, 
681 

- - observation and 215 

- illness 711 

- individuality 345 

- - identical genetically in- 
dividuals 229 

- inequality 727 

- interaction between ge- 
netic and nongenetic fac- 
tors 368 

- liability 213, 241, 543 

- - to atopic diseases 543 

- load 549, 557-562, 566, 
580 

- - concept of 549, 562 

- - definition of 560 

- - due to mutations 742 

- manipulations 733 ff. 

- - speculations on 735, 
740 

- negative 562 

- markers 21, 191, 257, 364, 
392, 394, 761 

- - associations with 670 

- - linkage with 696 

- material 

- - amount of 376 

- - change in 385 

- - structure of 257 

- mechanisms 666 



- - affecting behavioral 
626 

- medical genetics, diagno- 
sis in 758 

- models (see also there) 

83, 87, 200, 210 ff., 215, 251, 
773 

- - multifactorial (see also 
below) 200, 215, 216, 683 

- - quantitative-genetic 
773 

- molecular genetics 439 

- - methodes from 465 

- monogenetic diseases 

711 

- mutations 380 

- - of the mouse 462 

- new genetics 122 

- outside the brain 669 

- polymorphism 118, 167, 
218, 219, 298, 326, 330, 497, 
500, 501, 527, 544, 569, 

600, 611, 617, 647 

- - conventional 326 

- - and disease 218 

- - of other structural pro- 
teins 501 

- population genetics (see 
there) 4, 147, 245, 495 ff. 

- prediction 402 

- quantitative 624 

- races, genetic differences 
between 611 

- radiation effects 471, 483 

- - conclusions from 
mouse radiation genet- 
ics 468 

- - classical 458, 459 

- - mammals 462 

- random genetic drift 518 

- reductionistic, genetic ap- 
proach 667 

- reverse genetics 196 

- revolutions 518 

- risk /risk factors 216, 
244, 372, 457, 461, 470, 

482, 485, 759, 775 

- - assessment of 485 

- - calculating 759 

- - estimating 457, 775 

- - genetic risk due to ra- 
diation 461 

- - by ionizing irradia- 
tion 482 

- - minimize the genetic 
risk 470 

- screening 711, 724, 734 

- of scent differences 650 

- strategies 257 

- sufficiency 599 

- susceptibilities 520 

- syndromes associated 
with tumors 450 
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genetic / genetic(s) / geneti- 
cally {see also genes) 

- systems, multifactorial 
745 

- theory 5 

- transmission, rules of 
118 

- variability 195, 201, 542, 
549, 624, 647, 667 

- - at the level of recep- 
tors 683 

- - in catecholamine meta- 
bolism 682 

- - in its relationship to 
behavior 670 

- - of alcohol metabo- 
lism 679 

- - of brain funtion 668, 
670 

- - of intelligence 646 

- - outside the brain 
670 ff. 

- - rare genetic variant 
497 

geneticization 727 
genetotrophic principle 
296 

genitourinary 

- abnormalities 448 

- malformation 67 

- system 374 
genocopies 398 
genome / genomic 

- data bank 759 

- DNA 376 

- dynamic 114 

- human 5, 21 

- - human project 5, 22, 
495 

- hybridization 97, 99 

- - comparative, of DNA 
99 

- imprinting (see also 
there) 8, 49, 67, 142-144, 
160, 258, 361, 364 ff., 374, 
380, 418, 451 

- libraries 91 

- maternal and paternal 
380 

- of mitochondria 119, 

120, 146, 147, 603 

- - history of 603 

- mutations 385, 387, 394, 
468, 485, 486 

- - induced in early germ 
cell stages 463 

- - mosaics 431 

- - radiation induced 
466 

- project, human 727, 728 

- structure 3 

- United States genome 
project 729 



genotypes / genotypic 

- contribution of maternal 
and paternal genotype 
364 

- DNA genotyping 340 

- genotype-phenotype rela- 
tionships 7, 374 

- genotypic value (Vq) 

205, 206 

- interaction, genotype-en- 
vironmental 624 

- optimum 510 

- sex, assessment of 380 

- in vitro 340 

di George syndrome 67, 68, 
366 

geriatric medicine 452 

germ cells /germ(s)/ germ- 
inal 385 ff. 

- cell(s) 

- - cell development 403, 
468 

- - cell formation, errors 
in 49 

- - radiation exposure 
472 

- choice 733 

- chromosome /chromoso- 
mal germ cells 

- - and embryos 79 

- - mutations 

- - - in germ cells of 
mice 465 

- - - induced in early 
germ cell stages 463 

- foreign 325 

- gene therapy, germinal 
8, 21, 292, 737, 747 

- genome mutations 

- - induced in early germ 
cell stages 463 

- intestinal 539 

- mosaics 409, 410 

- primordial 403 

Gerstmann-Straussler dis- 
ease 352 

giant 

- cells, multinucleated 171 

- chromosomes 163 

- salivary chromosomes of 
drosophila 188 

gibbon (hylobates) 585, 

588, 589 

von Gierke disease 260, 

262 

Gilles de la Tourette syn- 
drome 659 

globin 

- gene 301, 303 

- - y3-globin gene, mRNA 
101, 106 

- - globin gene muta- 
tions 308 



- - visualization of 325 

- switching 306 
globoid cell leukodystrophy 

(Krabbe) 671 

glomus tumor, familial 366 
glucocerebrosidase 294 
glucokinase 114 
glucose 

- blood glucose, quantita- 
tive fasting 242 

- glucose-6-phosphatase 
260-263 

- - defect of 262 

- glucose-6-phosphate-de- 
hydrogenase {see G6PD) 
20, 73, 74, 138, 177, 200 

- glucose phosphate iso- 
merase deficiency 266 

glucosidase, 364 
glucosylceramide disease 
576 

glukokinase mutations 243 
glutamate-pyruvate transa- 
minase {see GPT) 198 
glutamic 

- acid codon 414 

- acid excretion, genetics 
of 345 

- L-glutamic acid 682 

- pyruvic transaminase 
499 

glutathione 264, 267, 270 

- AMP 264 

- conjugating enzyme 343 

- GSH 264 

- instability of 267 

- synthetase deficiency 
267 

- transferase 451 
gluten- sensitive enteropathy 

(sprue) 223 

glyceraldehyde 3-PO4 dehy- 
drogenase 596 
glycine 682 
glycogen 260 

- hypoglycemia 294 

- muscular glycogenosis 
260 

- strorage disease 20, 197, 
260, 262, 265, 266, 294, 
295> 739 

- - muscle storage 260 

- - type I 294 

- - type II {Pompe dis- 
ease) 262 

- - type III 294 
glycolytic 

- pathway 177, 264, 265 

- - enzyme defects in 265 

- storage disease 278 
glycosaminoglycans, sulfa- 

ted 274-276 

- biochemistry of 274 



glycosaminuria, aspartyl 
579 
GM 

- GM or KM (Inv) groups 
330 

- GM^ genes 249 

- serum groups 571 
Goldenhar syndrome 369 
gonads /gonadal 

- agenesis withoud addi- 
tional symptoms 71 

- anlage 376 

- developmenting 377 

- dysgenesis, XO type 393 

- male differentiation of 
376 

- sex 376 

gonosomal aberrations 
473 

gorilla (gorilla gorilla) 583, 
585, 588, 590, 595, 607 
Gorlin-Psaume syndrome 
480 

gout 216 

- enzyme activity 347 
gp9i glycoprotein 111 
GPT (glutamate-pyruvate 

transaminase) 198 
granulocytes 74, 227 

- bactericidal activity of 
74 

- chronic granulomatous 
disease (see CGD) 67, 74, 
109, 196, 222 

- leukemia, granulocytic 

- chronic 440, 441 
Great Rift Valley 583 
Greece 726 

Greig craniopolysyndactyly 
syndrome 369 
group(s) 

- Austro-Asiatic (Mon- 
Khmer) language group 
530, 532, 569 

- in behavioral traits, group 
differences 705 

- blood groups (see there) 

- complementation 
groups 435, 436 

- DNA, marker groups of 

163 

- E. coli group 539 

- educability and group 
differences 647 

- ethnic groups 703, 705 

- factor VIII group 109 

- genetics of group differ- 
ences 610, 709 

- GM or KM (Inv) groups 
330 

- HD collaborative research 
group 109 

- heme group 301 
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- high-risk groups of hu- 
mans 464 

- HMG (high-mobility 
group) box 376 

- Hunter-gatherer groups 
530, 604, 608, 609, 705 

- Khmer group 528 

- Mongoloid racial group 
603 

- multifactorial group of 
diseases 490 

- paradigm group 181 

- proteins, group-specific 
498 

- racial groups 307 

- - European racial 
group 603 

- South-American Indian 
group 604 

- support groups 665 

- translocations, group of 
75 

growth 

- fibroblast growth factor 
receptor-3 398 

- hormone synthesis 294 

- retardation 365 

- stunted 374 
GSH 270 

- glutathione 264 
GSSG 270 
guanine 99 
guanylate kinase 1 and 2 

177 

guinea pig 466 
gustducin 656 
Guthrie test 288 

H 

H antigen 540 

- of the plaque 540 
H chains 332, 333 

- chromosome 14 carriing 
333 

Hi 86 
H2 

- complex 223 

- H2A 86 

- H2B 86 

- locus 650 
H3 86 

H4 86 

H^O^, formation of 375 
hair 

- body hair 379 

- hairy pinnae 140 
Haldane's 

- indirect method 395 

- practical problems 395 

- rule 169, 173 
haloperidol 630 

hands, split hands and split 
feet 410 



happy puppet syndrome 
366 

haptoglobin 497 ff. 

- allele 571 

- human 596 

- genes 190, 228, 249 

- - haptoglobin^ 249 

- - polymorphisms 498 
Hardy- Weinberg 

- equilibrium, meaning of 
152, 496, 508 

- expectations 524, 572 

- - statistical 572 

- law 17, 147, 149-151, 160, 
289, 397> 496, 497> 55b 57b 
580 

- - derivations from 149 

- proportions 182, 220, 
549> 551 

harelip and cleft palate 222 
harm avoidance 678 
Hartford, G6PD 269 
Hartnup disease 567 
Hashimoto thyroiditis 393 
HAT (hypoxanthine-ami- 
nopterin-thymidine) 
medium 171 
Hawaii, interracial crosses 
in 617 

Hb (hemoglobin) 

- bilirubin (a metabolic 
product of) 335 

- constant spring 311, 414 

- diseases 346 

- DNA-hemoglobin gene 

304 

- embryonic 

- - Gower I 303 

- - Gower II 303 

- - Portland 303 

- fetal (HbF) 241, 302, 310, 
317-320, 527, 595, 614 

- - fetal Hb gene 318 

- - HbF to HbA synthesis 
614 

- - hereditary persistence 
of 241, 317 

- - levels 241 

- - persistance of fetal he- 
moglobin (HPFH) 310, 

527 

- - production 318 

- - synthesis between HbF 
and HbA 334 

- function 308 

- genes 20, 21, 83, 241, 322, 
401, 415, 521, 528, 594> 597> 
598 

- - abnormal 521, 528 

- - fusion genes 314 

- - mutations in 241, 415 

- - phylogenetic tree 
594 



- - population genetics 
of 301 ff., 323 

- - translation of 317 

- Hba 303, 307, 310, 321 

- - deletions including the 
Hba gene 321 

- - Hba-chain 136, 598 

- - Hba-gene 310, 321, 595 

- - Hba-nondeletion tha- 
lassemia 321 

- - pseudogens for Hba 

304 

- Hba -H Hby^-chain synth- 
esis 322 

- Hb anti-Kenya product 

313 

- Hb Barfs 321 

- Hby5 303, 306, 307, 532 ff., 
542 

- - Hby^-A/C 534 

- - Hb/3-A/S 534 

- - Hhf-C 533, 534, 571 

- - Hb/3-chain 85, 114, 

136, 303, 306, 307, 313, 413, 
414, 598, 614 

- - - sixth position of 
414 

- - Hhl 3 E 529-532, 542, 
569 

- - - allele 569 

gene 569 

- - - mutant 532 

- - - polymorphic distri- 
bution 532 

- - - Southeast Asia 532 

- - Hb^ E -h Hb^-T, popu- 
lation dynamics of 529 

- - Hb/3- and d-genes, clo- 
sely linked 190 

- - Hhf-gene 102, 310, 

313, 401, 413, 521, 595 

- - - gene cluster 317 

- - Hby^-hemoglobin sys- 
tem 195 

- - Hby5-S 306, 530, 533, 
534, 571 

- - - mutations 532 

- - - in Western Africa 
530 

Hby5-T 529, 530 

- HhBristol 308 

- Hb chains 596 

- HhCranston 312 

- Hbd 303, 306 

- Hbd®^ 306 

- Hhd /3 310, 312 

- - fusion gene 312 

- - thalassemia 310 

- Hbe 303 

- Hby-chain 614 

- Hb Kenya 314 

- Hb Lepore 312, 416 

- - anti-Lepore 312, 416 



- Hb Lepore Baltimore 312 

- Hb McKees Rock 313 

- Hb Milwaukee 308, 309 

- Hb Miyada 313, 314 

- Hb Portland 321 

- Hb Wayne 311 

- Hbg 303 

- HbA 310, 595, 614 

- - adult (A) 302 

- - synthesis between HbF 
and HbA 334 

- HbA^ 302 

- HbC 307, 521, 522, 526, 
527, 599 

- HbD 521, 522, 526 

- HbF 307, 317, 323, 521, 
526-528, 532, 569, 600 

- - chromosomes 323 

- - frequency 531 

- - HbE/E homozygotes 
532 

- - HbF -h S 522 

- - HbF -t- malaria 528 

- - HbF -I- thalassemia 
genes 528, 529, 53i 

- - mutation 317 

- - spread of 569 

- HbF (see Hb, fetal) 

- HbH 322, 527 

- - HbH disease, mental 
retardation 322 

- HbM (methemoglobine- 
mia; see also there) 20, 
241, 246, 260, 300, 309, 

325, 346, 405-407, 412, 413 

- HbO 526 

- HbP 313, 314 

- HbS 142, 307, 310, 323, 
324, 521, 599 

- - HbSyS^ thalassemia 
320 

- - HbS -h C 522 

- - malarial mortality in 
HbS trait 524 

- - mutations 324 

- - trait 526 

- HbT/T homozygotes 
532 

- hemoglobinopathies (see 
there) 

- human 299 ff., 353 

- linkage between Hb d and 
Hh /3 305 

- locus /loci 654 

- - mutations of the 667 

- mobilities 300 

- as a model system 325 

- molecule 299, 301, 401, 
601 

- mutations 310, 346 

- - types of 310 

- ju^ 412 

- ontogeny of 303 
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Hb (hemoglobin) 

- oxidation 309 

- research 299 

- sickle cell hemoglobin 
414, 521 

- synthese 614 

- unstable 405, 407, 412 

- variants 7, 118, 195, 241, 
258, 302, 307, 353, 361, 413> 
424, 568, 594, 623, 742, 

746 

- - red cells containing 
424 

HCG (human chorionic go- 
nadotropin) 377, 378 

- receptors in Leydig cells 

378 

HD 

- chromosomes 108 

- collaborative research 
group 109 

- gene 109 

- mutations 106 

HDL (high density lipopro- 
tein) 247-249, 345 
headman status 605 
health insurance problems 
729 
heart 

- congenital heart disease 
222, 233, 287, 371, 372, 374, 
520, 745 

- coronary heart disease 
(see there) 219, 237, 241, 
244-250, 345, 349, 482, 
714, 755 

heavy chain genes 331 
Heinz bodies 309 
HektoeUy G6PD 269 
He-La cells 263 
helicase 

- defect, DNA unwinding 
438 

- DNA 432 
helicobacter pylori 

540 

helix-loop -helix 445 
helix-turn-helix (see also 
DNA, double helix) 

- motif 369 

- structure 369 
Helminth infestation /hel- 
minths 543, 544 

helper T cells 326, 333 
heme 

- group 301 

- heme-heme interaction 
346 

hemizygotes, male, lethality 
of 139 

hemochromatosis 224, 225, 
716 

hemoglobin (see Hb) 



hemoglobinopathies 21, 
323, 324, 528, 700, 715, -jTiy 
738 

- frequencies 528 

- prenatal diagnosis of 324 

- screening 324 

hemolysis 335 

- drug-induced 270 

hemolytic disease 

- anemias 197, 222, 263- 
265, 267, 270, 272, 309, 

346, 349, 413, 521, 601 

- - hereditary 197 

- - mild 601 

- - nonspherocytic 263- 
265, 309 

- - severe 222 

- hemolytic episodes 266 

- hemolytic reaction after 
treatment with prima- 
quine 268 

- of the newborn 178 

- Rh 17 

hemophilia 12, 104, 137, 

138, 164, 165, 394 ff., 402 ff., 
426, 478, 504, 714-716, 737, 
777 

- carriers of 715 

- hemophilia A 116, 137, 
197, 293, 396, 397, 399, 
405,- 418, 424, 715, 739, 
743, 777, 780, 781 

- - factor VIII 413 

- - families in the Nether- 
land 408 

- - heterozygote testing 
291 

- - maternal grandfa- 
thers 406 

- - mosaicism, observed 
in 411 

- - mutation rate 399 

- - sporadic cases of 405 

- - treatment of 504 

- - X-linked 138 

- - - female homozy- 
gotes 138 

- - - recessive 138 

- hemophilia B 137, 197, 
396, 399, 408, 415, 739 

- - heterozygote testing 
291 

- - in Tenna 137 

- improved therapy of 104 

- life expectation of hemo- 
philics 105, 394 

heparan sulfate 274 

- and dermatan sulfate 

274 

hepatic 

- BRIG (benign recurrent 
intrahepatic cholestasis) 
169 



- glycogenoses 579 

- phenylalanine hydroxy- 
lase 285 

heritability/ hereditary dis- 
eases 122, 144, 145, 195, 
205-207, 209, 238, 248, 

251, 258, 386, 504, 519, 578, 
632, 637, 678, 706-709, 769 

- in the broad sense 206 

- calculations / calculations 
of 644 

- - in MZ and DZ twins 

643 

- concept 205 

- estimates 238, 641, 642, 

645 

- - from twin data 238, 

769 

- - meaning of 238 

- - methods 771 

- - unbiased estimate of 
641 

- h^ 210 

- high 709 

- interpreting 207 

- measurements 645 

- in the narrow sense 206 

- is a ratio 207 

- rare heritability 195 

- real significance of herit- 
ability 145 

- retinoblastoma, heritabil- 
ity 511 

- spherocytosis, heredi- 
tary 244, 264, 349 

- syndromes, hereditary, 
increased chromosome 
instability 431 

- treatment 295 

hermaphrodism, true 72 

- pseudohermaphrodism 
(see below) 72, 377, 379 

heterochromatin 36, 37, 67, 
85, 86 

- constitutive 36, 85 

- facultative 85 

- heterochromatic X/het- 
erochromatization of the 
X 72 

- regions, heterochroma- 
tic 588 

- repulsion 67 

heterogeneity 

- genetic 113, 135, 144, 157, 
167, 176, 196, 241, 261, 265, 
276, 285, 287, 380, 399- 
402, 406, 432, 436, 487, 

655, 674, 696, 697, 713, 783 

- - analysis 157, 245 

- - evidence for 399 

- - inter-allelic 144 

- - intra-allelic 144 

- - intra-genic 399 



- - molecular 284 

- - nonallelic 713 

- - ofPKU 287 

- linkage 432 

- population 553 

- test 785 

heteromorphism 36, 85 

- chromosome 37 
heterophoria, isolated 

217 

heteroplasmic disease 
146 

heterosis 514, 521, 598 

- paradigm for 521 
heterozygote(s) 135 ff., 267, 

278, 285 ff., 526, 527 

- advantage 514, 526, 599 

- A/S heterozygotes 527 

- clinical symptoms 267 

- compound 135, 136, 267, 
278 

- detection 285, 288, 289, 

291, 715 

- - in general 289 

- - problems with 291 

- health status 289 

- phenotypic abnormal- 
ities 285 

- PKU 288, 289 

- - peculiarities in 289 

- selection 514, 515 

- - against 514, 5i5 

- - in favor of 514 

- sickle cell 290, 545 

- - advantages of 545 

- traits, testing for 730 
hexosaminidase 278 

- a-hexosaminidase 280 

- ^^-hexosaminidase 278, 
280 

- deficiency of 715, 725 
hexose monophosphate cy- 
cle/pathway 264, 266 

HGPRT 114 
higher primates, phyloge- 
ny 54 

high-risk children, prospec- 
tive studies on 702 
Himalaya 612 
Hind enzyme 89 
Hindu population 558 
hip, congenital dislocation 

237 

von Hippel-Lindau disease 

723 

Hirado 558 

Hiroshima and Nagasaki, 
atomic bomb survivors 

471 

histamine 682 
histidinemia 505, 567 
histocompatibility (H) 

- alleles 464 
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- gene complex 20 

- - major (see MHC) 5, 
113, 164, 176, 177, 180-182, 
326, 335, 368, 497, 517, 518, 
543, 544, 596 

- workshop in 1967 181 

histones 86, 595 

- Hi 86 

- H IV 596 

- nonhistone 86 

history 

- of eugenics 18 

- of human genetics 
11 ff. 

HIV 

- factor VIII contaminated 
with HIV 225 

- infection 225, 293, 740 

- - T cells in 225 

- testing 105 

- virus 105, 544 

HLA 

- alleles 183 

- antigens 225, 226 

- associations with disea- 
ses 186, 223-225 

- class I 334 

- class II 334 

- complex 650 

- determinants 187 

- and disease 246 

- genes 543 

- HLA-types 181, 226, 244, 
252, 482, 666 

- - association between 
HLA-types and diseases 
335 

- - HLA-A 181 

- - - types Ai and B8, as- 
sociations 181 

- - HLA-B 180, 181 

- - - type B27 223 

- - HLA-C 181 

- - HLA-DRi 226 

- - HLA-DR3 242, 244 

- - HLA-DR4 242, 244 

- - HLA-DR locus 242 

- leprosy, HLA associations 
with 543 

- malaria, HLA associations 
with 543 

- loci 327, 518 

- region 118 

- significance, in transplan- 
tation 182 

- system 164, 186, 223, 227, 
228, 464 

- - and disease 223 

- typhoid, HLA associa- 
tions with 543 

- types 7, 228 

HMG (high-mobility group) 
box 376 



Hodgkin disease 223 

- non-Hodgkin lympho- 
mas 433 

holandric mode of inheri- 
tance 140 

holocaust, atomic 474, 

742 

holoprosencephaly / arhinen- 
cephaly 666 

Holt-Oram syndrome 480 
homeobox genes 361, 369, 
371, 378, 380, 445 

- human 371 
homeodomain 369 
homeotic genes 369 
hominoid spezies 583 
Homo 

- H. erectus 583-585, 604 

- H. habilis 583-585, 604 

- H. neandertalensis 585 

- H. sapiens 583-585, 589, 
610 

homocysteine and arterio- 
sclerosis 250 
homocystinuria 262, 295, 
399, 505, 566, 567, 579, 

700, 725 

homogentisic acid 15, 196, 
258 

homoplasmic disease 146 
homosexuality 658 

- homosexuality and hor- 
mones 673 

- low-grade homosexual 
behavior 658 

homozygosity 

- pericentric inversion 
592 

- Rb allele 448 
homozygote(s) / homozygos- 
ity 133 

- HbE/E 532 

- HbT/T 532 

- partial elimination 512 

- slow inactivators, homo- 
zygote frequency 344 

hookworm eggs 544 
Hopkins-2 305 

- trait 305 
hormone(s) / hormonal 

- action 672 ff. 

- growth hormone 294, 
596 

- - synthesis 294 

- homosexuality and hor- 
mones 673 

- instability 697- receptor 
669 

- sex hormones 672 

- sexual hormones 669 

- substitution hormone 
therapy 293 

- synthesis, block in 293 



- variability of 669 
hospitalization, long-term 

700 

host-versus-graft reactions 
182 

hot spot 307, 323, 417, 423 
Hottentots (Nama) 617 
house-keeping 

- enzyme 269 

- genes 414, 592 
Hox genes 369 

- Hox-i gene 369 

- Hox 2.2 gene 369, 371 

- Hox sequences 369 
HPA (hyperphenylalanine- 

mia) 285, 287, 288, 504, 

724 

- frequency of 505 

- less severe 288 

- maternal 287 

HPFH (persistance of fetal 
hemoglobin) 310 
HPRT (hypoxanthine-gua- 
nine phosphoribosyl 
transferase) 74, 216, 

282 ff., 364, 407, 408, 415, 
424, 425, 671, 714, 736, 

776 

- activity 284 

- causes 216 

- defective 263, 408, 454 

- - new mutations 408 

- deficiencies 282-284, 

415 

- - cell line 736 

- - severe 284 

- - X-linked 282 

- enzyme, defect of 424 

- heterozygotes, enzyme 
activity 284 

- locus, mutation rates 425 

- X-linked HPRT gene 364 
human /human diseases 53 

- behavioral genetics in hu- 
mans 631 

- cancer, genetic view 451 

- condition 608 

- diversity project 729 

- evolution 515, 518, 583 ff., 

741 

- gene therapy 736 

- genetic hazards to hu- 
mans 468 

- genetics, Galtonian para- 
digm of 638 

- genome 5, 116 

- - moveable elements 
116 

- - organization, human 
(HUGO) 728 

- - project 5, 727 

- high-risk groups of hu- 
mans 464 



- host and infective agents, 
interaction 543 

- karyotypes (see below) 

57 

- mosaics 626 

- obesity 627 

- population, radiation of 
470 

- radiation 

- - estimates on human 
data 477 

- - risk to humans 469 

- repair-deficient 53 

- sensation 650 
Hunter 

- Hunter-gatherer groups 
530, 604, 608, 609, 705 

- mucopolysaccharidosis 

273, 275 

- - II A 273 

- - II B 273 

- corrective factor 276 
Huntington disease 106, 

111, 114, 124, 132-134, 142- 
144, 165, 257, 366, 397, 418- 
422, 426, 478, 480, 490, 
635, 671, 701, 723, 776, 

777 

- anticipation in 143 

- and CFTR 257 

- gene products 111, 165 

- recurrence risk for 777 
HUP (paired box) 369 
Hurler 273, 275, 276, 278, 

579 

- I H mucopolysaccharido- 
sis 273, 275 

- Hurler cells 279 

- Hurler patients 276 
Hurler-Scheie, I H/S muco- 
polysaccharidosis 273 

HY antigen 364, 376 
hybrid / hybridization 

- advantages 172 

- cell 5, 7, 170, 436 

- - isolation of 171 

- children 618 

- CISS (chromosome in situ 
suppression) 99, 477, 

588 

- cultures 171 

- DNA hybridization 93 

- DNA-RNA hybridiza- 
tion 61 

- experiments 14, 16, 369 

- - plant 14 

- genomic 97 

- in situ hybridization (see 
below) 28, 48, 53, 68, 93- 
95, 465, 588, 713, 728 

- nucleic acid hybridiza- 
tion 92, 124 

- vigor 514, 617, 618 
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hydrocephalus 222, 233 
hydrops fetalis, absence of 
321 

hydroxylamines 484 
hydroxylase 

- arylhydrocarbon 343, 

451 

- dopamine-y^-hydroxylase 
(DBH) 630, 682 

- 21-hydroxylase 181, 225 

- - defect of 668, 673 

- - deficiency 225 

- - genes for 181 

- phenylalanine 84, 114, 
272, 576 

- - defect 668 

- tyrosine hydroxylase 
630, 697 

hygromata 78 
hylobates (gibbon) 585, 

588, 589 

- chromosomes 588 
hyperammonemia 408, 

671 

hypercholesterolemia 

- familial 134, 245, 247, 
248, 295, 349, 490, 672, 
714, 716 

- - in coronary heart dis- 
ease 245, 247 

- - homozygous 738 

- - LDL receptors in 683 

- monogenic 480 

- - type Ila 478 

- polygenic 247 
hyperglycemia 243, 567 

- ketotic (propionic acide- 
mia) 567 

- nonketotic 567 
hyperkeratosis 

- follicular 138 

- palmoplantar 576 
hyperlipidemia 241, 246 ff. 

- familial 247 

- - familial combined 
248 

- population screening 
251 

- tpye III hyperlipidemia 

247 

hyperlysinemia 567 
hyperparathyroidism, famil- 
ial 716 

hyperphagia 365 
hyperphenylalaninemia (see 
HPA) 285, 287, 288, 504, 

724 

hypertension 158, 244, 246, 
247> 250, 367, 714 

- antihypertensive treat- 
ment 250 

- genes involved 250 

- a risk factor 244, 247 



hyperthermia, malignant 
716 

hyperthyroidism 237 
hypertriglyceridemia, famil- 
ial 247 

hyperuricemia 283 
hypervariable regions (min- 
isatellite) 307 
hypogammaglobulinemia, 
X-linked 284 
hypoglycemia 294 
hypogonadism, hypogona- 
dotropic 365 
hypolactasis, adult 344 
hypophosphatemia 138, 

139, 155 

hypospadia, pseudovaginal 
perineoscrotal 379 
hypostasis 141 
hypothesis (see also studies) 

- copy error h. 415 

- ecogenetic working h. 

343 

- Fisher's h. 178 

- genetic h. 157, 202, 215 

- hypothesis-oriented ef- 
forts 509 

- Lyon’s h. 72-74, 284 

- major gene, h. of 215 

- malaria 522, 523, 528 

- neutral 597-601, 618 

- one-gene /one-enzyme 
258, 260, 279, 280 

- selective gene h. 332 

- somatic cell mutation, h. 
of 333 

hypothyroidism 271, 669, 

724 

- congenital 724 

- due to lack of inorganic 
iodide 271 

hypoxanthine 424 

- hypoxanthine-aminopter- 
in- thymidine (see HAT) 

171 

- hypoxanthine-guanine 
phosphoribosyl transfer- 
ase (see HPRT) 74, 216, 
282 ff., 364, 407, 408, 714, 
776 

- hypoxanthine-phosphori- 
bosyltransferase locus 

171 

hypoxia 290, 310 
I 

ICD (international classifi- 
cation of diseases) 

697 

ichthyosis, severe 140 
identical individuals, geneti- 
cally 229 
idiocy 



- uncomplicated 567 

- amaurotic idiocy, juvenile 
type 576 

idiopathic torsion dystonia 
577 

idioplasma 16 
idosyncratic reaction 343 
IFN (interferon) 

- IFN a-binding to fibro- 
blasts 374 

IgE 

- immunoglobulins 335 

- levels 197 

- production 218 
IgG 

- heavy chain 329 

- molecule 329, 330 

- - structure on 329 
IgHG (gm) 498, 611 
IgKC (km) 498 

IgM 332, 362 

- molecule 329 

- proteins 332, 362 
illegitimacy 394, 395 

- recombination, illegiti- 
mate 652 

immingration, laws on 18 
immortality, potential 
453 

immune 

- autoimmune (see there) 
224, 225, 335, 393 

- cellular immunity 285 

- defense mechanism 
518 

- deficiency diseases 284, 
433 

- function 224 

- globulin genes 280 

- populations of immune 
cells 327 

- reactions 327 

- response 176, 183, 186, 
224, 228, 534, 542, 544, 650 

- - genes 224 

- - human 544 

- - main steps 542 

- surveillance 343 

- - lack of 451 

- system 185, 285, 326, 

353 

- - deorientation in 745 

- - detailed knowledge of 
285 

- tolerance 334 
immunogenetics 7, 258, 

326, 361, 362, 401 
immunoglobulin(s) 190, 
228, 327-331,362, 498, 544, 
596 

- allotypes 228 

- in B cells 334 

- classes of 329 



- gene segments 330 

- IgE 335 

- IgHG (gm) 498, 611 

- IgKC (km) 498 

- IgM 332, 362 

- molecules 327 

- specific 326 

- superfamily 327, 329 
immunology 333 
imprinting 8, 49, 67, 142- 

144, 366, 367, 606 

- genomic 8, 49, 67, 142- 
144, 160, 258, 361, 364 ff., 
374, 380, 418, 451 

- inherited 366 

- maternal 366, 367 

- mutations imprinting; 
parental origin of muta- 
tion 144 

- parental origin of muta- 
tion 144 

- paternal 366, 367 

in situ hybridization 28, 
48, 53, 68, 93-95, 465, 588, 
713, 728 

- fluorescence (see also 
FISH) 41, 68, 94, 95, 97, 
728 

- nonradioactive methods 
28, 48, 465, 588 

- with radioactive probe 
93 

in vivo systems 

- mammalian 489 

- mutagens 462 

- phenotypes 340 

- strategies 738 
inactivation 

- center 76 

- skewed X chromosome 
inactivation 654 

inborn errors of metabo- 
lism 16, 20, 21, 25, 135, 
196, 262, 263, 282, 285, 287, 
292, 298, 299, 668, 671, 
700, 714, 722 

- with nonspecific syn- 
dromes 298 

- recessive 714 

- treatable 287 

- very rare 282 

- work on 299 
inbreeding 12, 152, 549 ff., 

559, 562, 568, 569, 715 

- coefficient 152, 214, 549- 
559, 566, 569, 571 

- - coefficient F of appar- 
ent inbreeding 152, 

214 

- - of population 552 

- effect of 556 

- and inherited diseases 
552 
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- long-lasting /long-stand- 
ing 559> 568 

- mortality effects, studies 
of 563 

- reduction of 239 

- strain(s) 626 

- - animals of 670 

- - DBA and C57BL 366 
incest 

- father/daughter 552 

- incest taboo 592 

- incestuous matings 
566-568 

- - childrens from 566 
incidence 159 

- of alkaptonuria 15 

- of chromosomal abbera- 
tions 76, 77 

- of leukemia 375 

- of prenatal zygote loss 
76 

- relative 220 
incontinentia pigmenti 

139, 395, 396, 399, 411 
India, leprosy 235, 236 
Indians 142 

- American-Indian popula- 
tions 604, 611, 614 

- East Indians 317 

- Pima Indians 616 
indirect method 395, 397 
individuality, chemical 15 
induced / inducing 

- inducer substances 141 

- mutation 468 

- - chemically 459, 

483 ff. 

- - in early germ cell 
stages 463 

- - public interest 457 

- - radiation-induced mu- 
tations 457 ff. 

- mutatin-inducing agents 
490 

infant /infantile 

- bilateral striatal necrosis 

147 

- diarrheas 542 

- mortality 232, 521 

- - due to intestinal infec- 
tions 521 

infanticide 21, 609 
infection(s)/ infectious dis- 
eases/infective agents 
187, 325, 352, 520, 534, 542, 
545 

- E. coli and infectious 
diarrheas 539 

- genetic susceptibilities 
542 

- human host and infective 
agents, interaction 543 

- intestinal 520, 521, 538 



- - infant mortality due 
to 521 

- pattern 545 

- selection, due to 520 

- twin concordances 237 
information 

- capacity for information 
uptake 649 

- informed consent 725 
INH, isoniazid 335 
inheritance 130, 134, 135, 

753, 754 

- additive polygenic 205, 
210 

- - distribution of chil- 
dren 205 

- autosomal-dominant 
140, 155, 160, 754 

- - with incomplete pene- 
trance 754 

- disease, pathogenesis of 
300 

- modes of (see modes of 
inheritance) 

- multifactorial 210-218, 
251, 371, 520, 640, 701, 753, 
755 

- - in combination with a 
threshold effect 210, 371 

- - genetic model of 251, 
638 

- - qualitative (or semi- 
quantitative) criteria 213 

- - spurious bimodality 
199, 201 

- - threshold effect 674, 
699 

- polygenic 215 

- rare inherited diseases 
575 

- with and without thresh- 
old 754 

- X-linked (see also be- 
low) 173, 200 

inhibitors, MAO 683, 700 
inobulation, artificial 734 
inosine-5-monophosphate 
283 

insecticide, parathione 344 
insects 624 

insemination, artificial 137, 
716, 733, 734 

- donors 734 
insensitivity, androgen 673 
insertion(s) 314, 385, 417, 

418 

insulin (see also diabetes 
mellitus) 369, 596 

- amino acid sequence 
300 

- insulin-dependent dia- 
betes (type 1) 223, 224, 

242 



- receptor action 242 

- therapy 294 
insurance 

- health problems 729 

- life insurance 729 
intellectual 

- abilities 706 

- achievment, indices for 
664 

- development of the 
child 646 

- dysfunction 663 

- performance 706 
intelligence 2, 3, 19, 240, 

564, 604, 649, 658, 705, 
710, 733, 746 

- assortive mating 746 

- and performance in the 
normal and superior ran- 
ges 638 

- behavior, complex 
670 

- biological factors influen- 
cing 647 

- consanguinity data on 

565 

- defect in Turner syn- 
drome 661 

- discussion of 666 

- environmental influences 
on 646 

- general intelligence, factor 
of 639 

- genetic 

- - determinants 19 

- - difference 708 

- - variability of 646 

- heritability of 734 

- nature of 639 

- normal variability of 
640 

- performance 

- - in natural situations 

639 

- quotient (see IQ) 

- tests / testing (see IQ test/ 
testing) 

- Wechsler intelligence 
scales 661 

interbreeding (see also in- 
breeding) 617 
interchange(s) 54, 57, 

586 

- classes of 57 

- patterns 54 
intercourse taboos 609 
interferon (see IFN) 
interleukin receptor subu- 
nit 175 

intermarriage 559 
intermediate phenotype 
670 

internal clock 625 



International classification 
of diseases (ICD) 697 
interphase 

- cells 95 

- - gene action during in- 
terphase 27 

- - numerical chromoso- 
mal aberrations in 95 

- nucleus, structure of 

363 

intersexes 72 
interview 632 

- psychiatric, structured 
656 

intestinal 

- germs 539 

- infections 520, 521, 538 
intoxication 199 
intrachanges (rearrange- 
ments) 53, 54, 59 

- interchromosomal 54 

- intrachromosomal 53 

- paracentric inversions 
59 

- pericentric inversions 
59 

intraclass correlation 

- coefficients 644 

- in MZ and DZ twins 
644 

intrafamilial correlation 

16, 133 

- age of onset 16 
intraspecies fighting 605 
intrauterine diagnosis 290 
introns 102, 122, 123, 304 
inversion(s) 53, 54, 115, 387, 

417, 589 

- complex 418 

- paracentric 53 

- pericentric 54, 59, 515, 
585, 588, 589, 592, 601 

- small 59 

investigations, family 632 
involucrin gene 595 
ionizing 

- irradiation, genetic risk 
482 

- radiation 290, 461, 490, 
743, 747 

- - biological nations com- 
mitee on effects of atomic 
radiation (BEIR) 478, 

481 

- - point mutations 461 

- - population exposure 
to 469 

IQ (intelligence quotient) 19, 
289, 290, 633, 635, 639, 

640, 644, 647, 665, 705- 
710 

- of African-Americans 

705, 707 
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IQ (intelligence quotient) 

- cognitive abilities mea- 
sured by 670 

- correlations 646 

- decrease in (perfor- 
mance) 290 

- determinants of 645 

- differences 234, 641, 705 

- - between African-Amer- 
icans and whites 709 

- - between ethnic 
groups 706 

- - between in mean 706 

- - in IQ scores 234 

- - in IQ points between 
MZ and DZ twins 641 

- distribution of IQ 662 

- - in sibships 637 

- Down patients 659 

- mean IQ of both MZ and 
DZ twins 232 

- performance 672 

- and personality tests 
290 

- reduction 

- - in the average 289 

- - in mean 661 

- tests / testing 631, 633, 
b39> 640, 641, 648, 710 

- - in families and twins 
640 

- - twin performance in 
642 

- - unease over 639 

- verbal and performance 
661 

iris, coloboma of 234 
iron 

- deficiency anemia 244 

- storage disease 224, 225 

- - hemochromatosis 225 
irradiation 375 

- chronic 471 

- due to modern civiliza- 
tion 470 

- ionizing irradiation, ge- 
netic risk 482 

- long-term 468 

- medically irradiated indi- 
viduals, sex ratio shifts 
472 

- natural 471 

- neoplasia caused by irra- 
diation 469 

Island 

- model 571 

- Reunion 142 
isoalleles 291 
isobutyric acid, anosmia 

for 650 
isochores 601 
isochromosomes 58, 60, 76 

- 21/21 61 



- i(Xg) 76 

isolation / isolate(s) / isola- 
ted 144, 505, 549, 557, 

578, 609, 612, 617, 742, 744 

- of breading populations 
608 

- break-up /breaking 
down 544, 557, 742, 744 

- heterophoria 217 

- investigation of 575 

- reproductive 612, 705 

- studies 144 
isoleucine 279 
isomerase deficiency, glu- 
cose phosphate 266 

isoniazid (INH) 197, 335, 
336, 486, 487 
isoreceptors 683 
isotransplant 180 
iso-Yp, dicentric 378 
isozymes 266 
IVS-i of the P globin gene 

317 

/ 

J regions 332 

Japan /Japanese 553, 611 

- bladder cancer in 343 

- Kosekiy Japanese popula- 
tion register 553 

jaundice, neonatal 270, 335 
Jewish population 614, 

706 

- Ashkenazi Jewish (see 
there) 

Johnson-type alleles 189 
joint region 332 

K 

karyotype 

- Down syndrome, stan- 
dard karyotype 46 

- human, description 57 

- 45, X 700 

- XO karyotype Tjy 28, 393 

- XXX 662, 665 

- XXY Tjy 28, 393, 665 

- XYY 700, 708 
Kell (Sutter) 611 

- blood group system 222, 
611 

- polymorphism 498 

- precursor substance 
(Kx) 67, 222 

- system 222 

- - mutations 222 
Kennedy disease 418, 419, 

421, 635 

keratan sulfate 274 
keratoma 

- k. dissipatum 155 

- of the palms and soles 
216, 217 



keratosis follicularis spinu- 
losa decalvans cum 
ophiasi 138 
Khasi of Assam 531 
Khmer group 528 
Kidd polymorphism 498 
kidneys 

- allotransplant 185 

- malformation of 222 

- polycystic 145, 396, 397, 
399, 579, 716 

- stonde formation 283 
killer T cells 326 
killing, inhibition to 605 
Kin selection 518, 606 

- theory of 518 

King Edward potatoes 424 
Kinship coefficient 550-552 
Klinefelter’s syndrome 25, 
27, 28, 69, 70, 140, 390, 
392, 490, 660, 663, 701, 743 

- clinical findings 69 

- color vision defective pa- 
tient with 390 

- fathers of Klinefelter’s pa- 
tients 392 

- XXY status 69, 74, 390, 
392 

KM or GM (Inv) groups 330 
knock knees 262 
knock-out mice 368, 626, 
670 

Ko, “silent allele” 222 
Kosekiy Japanese population 
register 553 

Krabbe (globoid cell leuko- 
dystrophy) 671 
Kx (Kell precursor sub- 
stance) 67, 222 

L 

L chains 332 
labor /laboratory 

- distribution of 604 

- overlap in laboratory re- 
sults 715 

lactase activity, intestinal 
495 

lactation, prolonged 609 
lactose 

- intolerance 345, 614 

- malabsorption 614, 615 

- persistence 614, 615 

- restriction 153, 614 

- and malabsorption 614 

- - with osteoporosis 615 

- - and persistence 614 
lambda 

X phages 90 
Langer-Giedion syndrome 
67, 68 

language 350, 604, 608, 
623, 640 



- Austro- Asiatic (Mon- 
Khmer) language group 

530, 532, 569 

- of bees 624 

- capacity 608 

- deterioration of 350 

- human 605 

- symbolic sign 605 
laser scanning microscopy, 

confocal 95 
lathyrus odoratus 163 
laws of 

- Hardy-Weinberg (see also 
below) 17, 147, 149-151, 
160, 289, 397, 496, 497, 551, 
571, 572, 580 

- independence 14 

- law-offenders 661 

- - institutions for 663 

- Mendel’s 1, 2, 147, 160, 364 

- Nasse’s 2, 137 

- uniformity 14 

LDL (low density lipopro- 
tein) 114, 153, 247, 248, 251, 
344, 347, 348, 417, 418, 738 

- cholesterol 247, 347 

- - binding of 347 

- - testing for cholesterol 
LDL 251 

- locus 248 

- receptor (LDLR) 114, 
348, 349, 417, 418, 738 

- - defect 247 

- - function 348 

- - gene(s) 738 

- - - gene deletions 417, 
418 

- - infamilial hypercholes- 
terolemia 683 

- - structure of the LDL 
receptor gene 344 

Le(a-b-) negative 153 
leadership 604 
leaky mutant 265 265 

learning 

- ability 628, 701 

- - strain-specific 628 

- avoidance 628 

- cognitive 606 

- emotional 606 

- maze learning, heredity 
and environment 628 

- psychology of learning 
628 

- speed 649 

Leber optical atrophy 147, 
149 

- 535000 149 

lectalbumin 596 
lectin(s) 542 
left-ward 320 
legal aspects 729 
Leigh syndrome 149 
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leiomyomata, uterine 270 
lemuridae 589 
leprechaunism 243 
leprosy 225, 234-237, 520, 
521 

- concordance in 102 twins 
with 236 

- HLA associations with 
543 

- in India 235, 236 
leptin receptor 627 
leptotene stages 403 
Lesch-Nyhan syndrome 

263, 283, 284, 402, 407, 
408, 424, 737> 739 

- self mutilating behavior 
671 

lethal(s) 

- dominant 463 

- equivalents 566 

- factors 140 

- in humans 141 

- of the male hemizygotes 

139 

- mutation 141 

- X-linked 472 
leucine 279 
leukemia 

- chromosomal patterns 
in 441 

- chromosome changes in 
442 

- chronic myelogenous 
(CML) 20, 28, 223 

- granulocytic leukemia, 
chronic 440, 441 

- incidence of 375 

- lymphatic 223 

- myelogenous leukemia, 
chronic 451 

- T cell leukemias 441 

- virus, leukemogenic 45 
leukocyte adhesion dystro- 
phy 739 

leukocytosis 309 
leukodystrophy 

- globoid cell leukodystro- 
phy (Krabbe) 671 

- metachromatic 671, 737 

- - adult type of 671, 701 
Lewis polymorphism 498 
Leydig cells 377~379 

- HCG receptors in 378 
liability 209 ff., 237, 520 

- to common multifactorial 
diseases 520 

- disease 209-211, 754 

- distribution 214 

- genetic 209, 213 

- to psychoses 662 
life 

- expectation 

- - effect on 225 



- - of hemophilics 105 

- experiences 649 

- insurance 729 

- species-specific life span 
453 

Li-Fraumeni syndrome 
448, 450 

light chain (top) 330, 331 

- evolution of the various 
light chain 331 

likelihood 

- functions 215 

- rations 166 

limb malformations 145, 
353 

LINE (long interspersed re- 
peat sequences) 84, 117, 
123 

- of the mammalian gen- 
ome 117 

linkage 111, 124, 163 ff., 

173 ff., i83ff.„ 191, 215, 257, 
305, 327> 350, 421, 422, 439> 
518, 783, 784, 786 

- analysis / studies 7, 17, 19, 
27, 42, 163, 170, 174, 196, 
197, 215, 258, 350, 394, 755, 

779, 783, 786 

- - complex multivariate 
786 

- - computer programs 

784 

- - in a DMD 779 

- - with quantitative 
traits 174 

- approach 215 

- autosomal, sex differ- 
ence 169 

- between Hbd and 

305 

- calculations 783 ff. 

- computer program for 
testing linkage 168 

- detection of 167 

- disequilibrium 106, 113, 
165, 176, 178 ff., 188 ff., 223, 
224, 250, 279, 307, 327, 336, 
421, 422, 505, 518, 702 

- - with closely linked 
DNA markers 421 

- - common cases 187 

- - with the K variant 336 

- DNA variants in linkage 
176, 257 

- equilibrium 166, 186 

- Genethon linkage map 
702 

- with genetic markers 
696 

- heterogeneity 432 

- homologies 366 

- in humans 164, 170 

- - and gene clusters 163 



- map, human 176 

- information 167 

- package 167 

- and phase 797 

- response 183 

- sib pair method for find- 
ing linkage 169 

- studies 167, 670, 695 

- - linkage and association 
studies 683 

- techniques 631 

- X linkage 696 

lip, cleft lip 222, 233, 237, 

295, 369, 371, 714 

- selection against 745 
lipid /lipidosis 

- ceroid lipofuscinosis, ear- 
ly infantile 579 

- dementia, progressive, 
with lipomembranous 
polycystic osteodyspla- 
sia 579 

- hyperlipidemia (see also 
there) 241, 246 ff. 

- hyperplasia 379 

- mucolipids 272, 576 

- polymorphisms, lipid-re- 
lated 248 

- sphingolipidoses (see also 
there) 272, 278, 576 

- storage disorders 672 
lipodystrophy 140, 243 

- partial 140 
lipoprotein 

- high-densitiy (HDL) 
247-249, 345 

- low-density (see also 
LDL) 114, 153, 247, 248, 
251, 344, 347, 348, 417, 418, 
738 

- Lp(a-) 153, 249 

- - elevated Lp(a-) levels 

249 

- - lipoprotein 153, 249 

- metabolism 367 
lithium treatment, response 

to 696 
liver 

- acetyltransferase 499 

- cirrhosis in childhood 
227 

lod scores 166, 167, 215, 

696 

- method 697, 702 
long-term 

- hospitalization 700 

- memory 640 
low-density lipoprotein 

134 

low-phenylalanine diet 285 
low-voltage EEG 674, 676, 
680 

Lp(a-) lipoprotein 153 



LSD 341 

lupus erythematosus 223 
Lutherian 

- blood groups 169 

- Lutherian / secretor 170 

- polymorphism 498 
lymphatic leukemia 223 
lymphocytotoxicity test 

180-182 

lymphocytes 

- B lymphocytes 285 

- clones 328 

- developmental abnormal- 
ities of 326 

- T lymphocytes 285, 325, 
326 

lymphokines 326 
lymphoma(s) 

- Burkitt lymphomas 441, 
444, 451 

- - cell lines 443 

- non-Hodgkin lympho- 
ma 433 

Lyon’s hypothesis 72-74, 
284 

lyonization 407 
Lysenko 19 

Lysinuric protein intoler- 
ance 579 

lysosome(s) / lysosomal 

- cellular 347 

- enzyme defects 263, 272 

- - deficiencies of 272 

- hydrolases 278, 576 

- hydrolytic enzymes 279 

- storage disease 274, 

739 

- system, overloading of 

274 

lysozyme 349, 596 

- animal 596 

M 

macaca fuscata 589 
macaque 584 
MacLeod phenotype 111 
macroglobulin 

- a^- 226 

- 364 

macrophages 227, 325, 326 
maize 115, 196 

- hybrid 115 

major gene /gene effect 
201, 202, 210 ff., 217, 219, 
245, 258, 753-755 

- action 216 

- hypothesis of 215 
Makiritare 609 

mal de Meleda 136, 576 
malabsorbers 616 
malabsorption 

- lactose restriction and 
malabsorption 614, 615 
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malabsorption 

- of vitamin selective 
579 

malaria 520 ff., 529, 543, 
544, 569, 614 

- cerebral 523 

- falciparum 522, 523, 526, 
543, 570, 571 

- - G6PD and falciparum 
malaria 526 

- - protection against 
543 

- - selection by 571 

- HbE + malaria 528 

- HLA associations with 
543 

- hypothesis 522-525, 528 

- infection rates 533 

- mortality in HbS trait 524 

- parasites 544 

- placental 525 

- plasmodia 524 

- proliferation differen- 
tials 527 

- selection 324, 521 

- - pressure due to 569 

- tertiary 614 

- thalassemia and ma- 
laria in Melanesia 533 

male 

- behavioral differences, 
male/female 604 

- development, incom- 
plete 377 

- differentiation of go- 
nads 376 

- fertility, relative, in male 
germ cells 408 

- lethality of the male 
hemizygotes 139 

- male-to-male 

- - aggression 630 

- - transmission 140 

- meiosis 39 

- mutation rate in 408 

- ornithine hemizygous 
male 140 

- pseudohermaphrodism 
72, 377, 379 

- sterile men 378 

- stillbirths 139 

- supermale 662 

- XX males 376 

- - 4,6,XX males 72 

malformation(s) 29, 133, 

210, 222, 368-375, 520, 563, 
568, 617, 720 

- aberrations leading to se- 
vere malformations 472 

- chromosomal, screening 

725 

- congenital 233, 245, 472, 
563, 618 



major 473 

- - in twins 233 

- exogenous agents 369 

- genitourinary 67 

- incidence of 568 

- of kidney and urinary 
tract 222 

- later phase 368 

- limb malformations 145 

- major 563, 564, 617 

- multiple 133 

- pattern of 459 

- production 368 

- related 372 

- sequence 373 

- syndromes 29, 373 

- unsuspected 721 
malignant 

- B-lymphoid disease 444 

- cell clone 353 

- hyperthermia 716 

- myeloid disease, structur- 
al rearrangements 446 

- neoplasias, somatic muta- 
tion 438 

- transformation, probabil- 
ity for 451 

- tumors 

- - diagnosis of 95 

- - incidence of 453 
malnutrition, chronic 233 
mammals / mammalian 

- evolutions 592 

- genetics 117, 299 

- - organization of 303 

- radiation genetics of 462 

- test systems 487 

- in vivo systems 489 
man /men 466 

- man and his future 733 

- XXY men 662 

- XYY men 663-665 

- - crime rate of 663 

- - EEG studies on 665 
Manhattan project 457 
mania /manic 693,703 

- manic-depressive pa- 
tients 695 

manifestation 

- conditions of 235 

- late 132 

- period 160 
mannose 

- mannose-6-phosphate 
278 

- mannose-specific recep- 
tors 294 

MAO (monoamine oxi- 
dase) 626, 682 

- inhibitors 683, 700 
maple syrup / sugar urine 

disease 279, 280, 505, 
567, 579, 671, 725 



- classical 280 
maps / mapping 

- chromosomes 17, 163, 

164 

- distances 167, 168 

- computer program for 
168 

- Down syndrome, pheno- 
type 48 

- genes 163 

- physical aspects 728 
Marfan syndrome 262, 

350, 351, 396, 397, 399, 406, 
723 

marker (s) 

- chromosomes 60, 434, 
438 

- - acrocentric marker 
36 

- - supernumerary 60 

- DNA marker 106, 163, 
172, 173, 219, 279, 394, 447, 

450, 729 

- - X-linked 658 

- genes, frequencies 7 

- genetic markers 21, 191, 

257, 364, 761 

- - associations with 
670 

- - linkage with 696 

- marker X 634 

- microsatellite 702 

- paternal markers 364 

- recognition marker 
278 

- KEEP markers 288 

- screening, multiple 722 

- study of marker systems 
766 

- VNTR 763 

- X-linked marker studies 
390 

marmoset monkeys 229, 
462, 466 

Maroteaux-Lamy 

- VI A mucopolysacchari- 
dosis 273 

- VI B mucopolysacchari- 
dosis 273 

marriage 

- children from consangui- 
neous marriage 633 

- consanguineous (see also 
there) 133, 298, 397, 550- 
568, 744 

- first-cousin(s) 15, 16, 135, 

565, 578 

- - significance of 16 

- intermarriage 559, 709, 
710 

- - racial 710 

- nonconsanguineous 
561 



Martin-Bell syndrome 634, 

635 

maternal 402 

- age 51, 231, 387, 391, 402, 
722, 725 

- - consanguinity of 472 
effect 51, 231, 389, 391, 

725 

- - and birth order, twin 
births 231 

- biological function 367 

- chromosomes 365 

- genomes 380 

- imprinting 366, 367 

- influence 638 

- maternal-fetal incompat- 
ibility 17 

- mRNA 364 

- nondisjunction 388, 

389 

mathematical diffusion 
models 598 
mating(s) 

- among relatives 549 

- assortative 174, 207, 549, 
550, 641, 710, 733, 744, 

745 

- - for coronary risk fac- 
tors 246 

- - for intelligence 746 

- brother- sister matings 
559, 566, 592 

- consanguinity / consan- 
guineous matings 145, 
288, 549-553, 559, 563, 576 

- - children 553 

- - offspring of 288 

- father-daughter matings 
559, 566 

- first-cousin 214, 714 

- formal genes for a mat- 
ing 305 

- incestuous matings 
566-568 

- - childrens from 566 

- involving two heterozy- 
gotes 290 

- nonconsanguineous mat- 
ings (see there) 552, 

563 

- random (see below) 150, 
184, 205, 214, 569 

- structure 569 

- types 130, 204 
maze 

- learning, heredity and 
environment 628 

- water maze 630 
McLeod 

- phenotype 222 

- syndrome 67 
measles 170, 224, 237, 

520 
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- epidemic 610 

- virus 170 
medically / medical 

- genetics 21 

- - with a pediatric back- 
ground 299 

- irradiated individuals 

- - sex ratio shifts 472 

- social and medical signif- 
icance 489 

medicine, geriatric 452 
meditation 680, 681 
megaloblastic anemia 281 
meiosis/meiotic 25, 37ff., 
129, 189 

- crossing over 164 

- divisions 16, 26, 163, 392 

- - first 163, 392 

- female 42, 43 

- last DNA replication be- 
fore meiosis 412 

- male 39 

- paternal 390 

- pairing of X and Y chro- 
mosomes 174 

- sex difference 44 
Melanesia / Melanesians 

533> 614 

- thalassemia and ma- 
laria in Melanesia 533 

melanotropin, ^ 596 

MELAS syndrome 149 
membrane 

- effects 349 

- proteins, mitochondrial 
445 

memory 

- cells 327 

- long-term 640 

- nonspatial reference 
memory 630 

- short-term 640 

- spatial working mem- 
ory 630 

MendeVs / Mendelian 

- analysis 2 

- backcross 137 

- defect 372 

- DNA testing for mono- 
genic (Mendelian) dis- 
ease 713 

- framework 195 

- law 1, 2, 147, 160 

- modes of inheritance (see 
also below) 129, 134 

- paradigm 157, 208, 364, 
624 

- qualitative-phenotypic 
394 

- risk for rare disorders 
712 

- segregation 257 

- work 14 



mental 

- deficiencies 3, 298, 671 

- - enzyme defects leading 
to 670 

- - various types of 667 

- development 650 

- disease 17, 289, 681 

- - discussion of 666 

- - higher risk of 289 

- disorders 520 

- retardation 3, 7, 13, 17, 67, 
216, 245, 262, 279-282, 

286, 322, 365, 374, 418, 426, 
633> 635, 668, 669, , 677, 
711, 715, 716, 723, 724 

- - children 567 

- - common morphologi- 
cal substrate 667 

- - fragile X 418, 635, 715, 

723 

- - fragile XE 418 

- - genetics of 7 

- - HbH disease, mental 
retardation 322 

- - high-grade 636, 637 

- - middle grade 636 

- - prevention of 724 

- - severe 279 

- - thalassemia and mental 
retardation 322 

- - types of 262 

- - X-linked (XLMR) 13, 
426, 633, 634, 715 

- - - recessive 672 

- screening of mentally de- 
fective persons 262 

- subnormality 663, 746 

- - genes for 746 

- - incidence of 633 
mephenytoin polymorph- 
ism 340 

MERRF (ragged red fibre 
disease) 148 
mescaline 700 
messenger RNA (see mRNA) 
metabolism / metabolic 
282 ff. 

- alcohol metabolism 677 

- - genetic variability of 

679 

- blocks in erythrocytes 
264 

- carbohydrate 309 

- of carcinogenic substan- 
ces 343 

- catecholamine metabo- 
lism 630, 636 

- - genetic variability in 
682 

- cholesterol 367 

- cooperation 283 

- defects / disorders 262, 
280, 295, 720 



- - clinical diagnosis of 
262 

- - involving more than 
one enzyme 280 

- - prenatal diagnosis of 
720 

- - secondary effects of 
295 

- - treatment of metabolic 
disease 285 

- diseases, inherited, treat- 
ment of 292, 293 

- general 667 

- inborn errors of 16, 20, 
21, 25, 135, 196, 262, 263, 
282, 285, 287, 292, 298, 

299, 668, 671, 700, 714, 

722 

- lipoprotein 367 

- neurotransmitter metabo- 
lism, anomalies of 700 

- oligophrenia 285 

- pathways 259, 297 

- steps 196, 272 

- steroid hormone metabo- 
lism 379 

metabolite behind the 
block 294, 295 
metachromatic leukodystro- 
phy 671 

- adult type of 671, 701 
metaphase 

- with dicentric chromo- 
somes 461 

- metaphase I 40 

- mitotic 30 
methane, methyl-methane 

sulfonate (MMS) 484 
methemoglobinemia 

(HbM) 20, 241, 246, 259, 

300, 309, 325> 346, 405- 
407, 412, 413 

- basic abnormality 300 

- mutation of the j3 chain 

309 

- NADH-dependent methe- 
moglobin reductase 260 

- recessively inherited type 
of 260 

- reductase 309 

- variants /various types 
of 412, 521 

methionine 88, 700, 701 
method(s) 

- affected sibs method 
696 

- lod score method 697, 
702 

- molecular genetics 465 

- multiple 

- - loci method 464 

- - recessive mutation 
method 463 



- phenomenological meth- 
od 632 

- sib pair method 702 

- skeleton method 464 

- twin method 624, 632, 
684 

methylation 361, 414 

- of certain bases 361 

- cytosines 414 

- demethylation of CpG di- 
nucleotides 485 

- differences 361 

- - of DNA 366 

- DNA 451 

- dopamine 700, 701 

- of transgene 366 
methylene tetrahydrofolate 

deductase (MTHF) 250 
methyl-methane sulfonate 
(MMS) 484 

MHC (major histocompat- 
ibility complex) 5, 113, 
164, 176, 177, 180 ff., 191, 
223, 326, 327, 334, 335, 368, 
497> 5i7> 518, 543> 544> 596 

- area 702 

- class I 183, 185, 327 

- - antigen HLA-A, B, C 
185 

- - genes 183 

- class II 

- - antigen HLA-D/DR do- 
main 185 

- - genes 183 

- class III genes 183 

- on chromosome 6, main 
components 181 

- cluster 187 

- complex 518 

- genes 596 

- molecule 326 

- natural selection by infec- 
tious agents 543 

- pattern of the presenting 
cells 334 

- polymorphism 187, 543, 
544 

- selection due to MHC lo- 
cus 543 

- system 177, 335 

- types 517 
MIC2 antigen 175 
microcephaly, autosomal-re- 
cessive 672 

microlymphocyte toxicity 
test 180 

micromanifestations 

- Down syndrome (mongo- 
lism) 431 

micronucleus formation 
58 

microorganisms, regulation 
models in 362 
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microsatellite(s) 

- markers 702 

- STRs 172, 502 
mid-parent correlation for 

stature 203 

MIF {Mullerian inhibiting 
factor) 377 

migration(s) 508, 549, 570, 
571, 575> 578 

- selective / selection 557, 
570, 575 

Miller-Dieker syndrome 67, 
68, 366 
mimicry 

- against host defense 544 

- in butterflies 187 

- of genetic defects 271 
mind-body problem 607 
minisatellites 119, 172, 190, 

502 

- (hypervariable regions) 

307 

- VNTRs 502 
minutes 461 
miscarriage 141, 298, 589, 

719 

- risk of 719 

- spontaneous 76 
mispairing 

- of homologous sequen- 
ces 189 

- model, slipperage 416 

- result of 312 
missense mutations 413 
mitochondria / mitochon- 
drial disease /mitochon- 
drium 44, 88, 119, 120, 
146 

- chromosomes 149 

- “Eve”, mitochondrial 
603 

- genome of 119, 120, 146, 
147, 603 

- - history of 603 

- - mutations in 146 

- heteroplasmic 146 

- homoplasmic 146 

- membrane proteins 
445 

- mtDNA (organization of 
human mitochondrial 
genome; see mtDNA) 

121, 122, 145, 148, 160, 602, 
603 

- mutations 122, 145 

- - hereditary diseases due 
to 122 

- - in the mitochondrial 
genome 145 

- myopathy and myoclonic 
epilepsy 147 

- structure and function 
of 119 



mitogenic signal transduc- 
tion 433 
mitoses 

- sister chromatids in mito- 
sis 16 

- spermatogonial 27 
mixed model 754 
Mljet, island of 136, 576 
MMPl (multiphasic person- 
ality inventory) 632 

MMS (methyl-methane sul- 
fonate) 484 

MN blood groups 118, 130, 
155, 178, 749 

- system 178 

- types 155, 749 

MNSs polymorphism 498 
model(s) 

- additive model 201, 217 

- bead-on-a-string model 
123 

- biometric models 195 

- chromosomal molecular 
models 83, 87 

- DNA model 300 

- genetic models 83, 87, 
200, 210 ff., 215, 251, 773 

- - comparison of 215 

- - of inheritance, multi- 
factorial (see also below) 
200, 210 ff., 251 

- - integrated structure 
model 87 

- - molecular genetic 
model 83 

- - quantitative 773 

- hemoglobin as a model 
system 325 

- Island 572 

- interpretive 362 

- mixed 215 

- multifactorial 198 ff., 

210 ff., 251 

modes of inheritance 

- autosomal-dominant 
140, 155, 160, 212 

- autosomal-recessive 134, 
135, 160 

- - pseudodominance 136 

- diallelic 212 

- different 155 

- holandric 140 

- MendeVs 129 

- monogenic 198 

- multifactorial 140, 174, 
198, 212, 213 

- simple 144 

conditions without 158 

- X-linked 137, 138, 140, 
160, 268 

- - dominant, with lethal- 
ity of the male hemizy- 
gote 140 



- Y chromosomal 155 
modifying genes 141, 142, 

144 

MODY (maturity- onset dia- 
betes of the young) 242, 

243 

molecular 

- basis of EEG variants 
681 

- disease {see also sickle cell 
anemia) 19, 21, 299, 300 

- effects of radiation 460 

- evolution 191, 597 

- genetics 439 

- - methods from 465 

- mechanisms, chromoso- 
mal instability 434, 437 

mongolism {see also Down 
syndrome) 17, 21, 25, 26, 

44 ff.. 49, 52, 60-63, 79. 

603 

Mongoloid(s) 603, 611, 612, 
614 

- eyelidfold of 611 

- populations 614 

- racial group 603 
monitoring 

- of human population for 
increased mutation 488 

- population monitoring 
488 

- - large scale 489 
monkeys 589 

- chimpanzees (see there) 

- cultural tradition 604 

- marmoset monkeys 229, 
462, 466 

- rhesus monkey 466 
monoamine oxidase {see 

MAO) 

monochorionic pairs 233 
monochromacy, blue cone 

654 

monoclonal origin of 

- tumors 439 
monozygotic twins {see MZ) 
monogenic / monogenetic 

diseases 711 

- familial hypercholestero- 
lemia, monogenic 480 

- - type Ila 478 

- subtypes 245 
monomorphic a waves 

674, 676 

mononucleate cells 170 
monosaccharides, sequence 
of 276 

monosomies 27, 66, 77, 78, 
365, 374, 375, 385, 481 

- monosomy 21 375 

- partial 66 

- X monosomies 374, 

481 



monozygotic twins (MZ) 

632, 633, 638, 640, 642, 
646, 656 

- concordance of/ be- 
tween 636, 658 

- concordance rates of MZ 
and DZ twins for crimin- 
ality 657 

- differences in IQ points 
between MZ and DZ 
twins 641 

- discordant MZ 697 

- - discordant for schizo- 
phrenia 698 

- DZ and MZ twins 674 

- heritability calculations in 
MZ and DZ twins 643 

- intraclass correlations 

643 

- living together 647 

- reared 

- - apart 633, 642, 645, 
647 

- - together 644 

- studies on MZ pairs 
reared apart 644 

- transfusion syndrome 
of 642 

mood swings 695 
Morgans 167 
morphogenesis 373, 607 

- dysmorphogenetic cau- 
ses 371 

- errors of 373 
Morquioy IV mucopolysac- 
charidosis 273 

mortality 

- childhood/ children 521, 

525 

- differential 608 

- IQ-dependent 706 

- inbreeding studies 563 

- infant {see infant mortal- 
ity) 

- malarial, in HbS trait 524 
mosaics /mosaicism 44, 

49, 71, 385, 409-411, 776 

- hemophilia A 411 

- genome mutations 431 

- germ cell 409, 410 

- human 626 

- Klinefelter syndrome 
660 

- proportions of 411 

- somatic cell 409, 411 

- types of mosaicism 51 

- variegated translocation 
453 

mossy fiber terminal field 
629 

mother-child incompatibil- 
ity 219, 746 

- Rh system 219 
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- serological 746 
motor functions 648 
mouse /mice 196, 63, 466, 

727 

- behavioral genetic experi- 
ments in the mouse 

626 ff. 

- chromosome 

- - loss in human - mouse 
cell hybrids 171 

- - mutations in germ 
cells 465 

- knock-out mice 626, 

670 

- mutants 625 

- mutation genetics 462 

- obese 627 

- radiation genetics, con- 
clusions from 468 

- T locus of 140 

- XO type 69 

- XXY type 69 

- yellow mouse 140 
movable elements 114 
movement(s) 

- anaphase 56, 65 

- atactic 365 

- eugenic 8 

- extrapyramidal 132 
mRNA (messenger RNA) 

44, 84, 91, 92, 102 ff., 109, 
111, 114, 120, 174, 263, 284, 
306, 307, 315, 321, 331, 361- 
364, 368, 369, 374> 4i4> 447> 
599 

- abnormal 317 

- - abnormal hemoglo- 
bin 321 

- /3-globin gene 101, 106 

- common ocurrence of 
368 

- formation, continous 

331 

- globin mRNA 368 

- gradients of 369 

- interactions with DNA 
361 

- IT15 107 

- maternal 364 

- mature 102, 120 

- pre-mRNA 

- - codons 362 

- - splicing 362, 362 

- primary 361 

- production 317 

- species 363 

- splice junctions 414 

- triplet 307 
MTCYB 148 

mtDNA (organization of hu- 
man mitochondrial gen- 
ome), human 121, 122, 
145, 148, 160, 503, 602, 603 



- evolution 603 

- function map 121 

- genetic code 122 

- map 148 

- - deletion map 148 

- - partial map 148 

- polymorphism 503 

- variability 603 
MTHF (methylene tetrahy- 

drofolate deductase) 250 
Mu (mutator) 115 

- genes 424 

- phages 424 

- - phage of E. coli 424 
mucolipids / mucolipidoses 

272, 577, 671 

- mucolipidoses II 579 
mucopolysaccharidosis 

153, 272-278, 294, 298, 

566, 579, 671 

- clinical picture 272, 273 

- - I H Hurler tji, 275 

- - I H/S Hurler-Scheie 

273 

--IS Scheie 273 

- - II A Hunter 273, 

- - II B Hunter 273, 275 

- - III A Sanfilippo 273 

- - III B Sanfilippo 273 

- - III C Sanfilippo 273 

- - III D Sanfilippo 273 

- - IV Morquio 273 

- - VI A Maroteaux- 
Lamy 273 

- - VI B Maroteaux- 
Lamy 273 

- - VII Sly 273 

- differential diagnosis and 
treatment 278 

- investigation of 275 

- type 1 153 
Mulbrey dwarfism 579 
Mullerian 

- duct 376 

- - remnants of 379 

- inhibiting factor (MIF) 
377 

multifactorial 

- characters 553 

- condition 213 

- disease 481, 482 

- - twin results 237 

- group of disease 490 

- inheritance /modes of in- 
heritance (see above) 

140, 174, 198, 210 ff., 217, 
218, 251, 371, 566, 640, 701 

- - genetic model of 638 

- - treshold effect 699 

- - with threshold effects 

674 

- models 198 ff., 215, 216, 
219 



multigene 

- complex 653 

- families, related 303 
multinucleated 

- plasmodia 170 

- syncytia 171 
multiphasic personality in- 
ventory (MMPI) 632 

multiple 

- births, frequencies of 
232 

- loci method 464 

- loci test 466 

- sclerosis 223, 224 
multivariate statistics 158, 

569 

murderer chromosome 
662 

mus poschiavinus 375 
muscular 

- dystrophies 140, 142, 

158, 410 

- - Becker {see BMD) 84, 
101, 291, 401, 410, 713, 

714 

- - Duchenne (see DMD) 

67, 84, 95, 101, 111, 156, 291, 
395-401, 408-411, 415, 

480, 713-716, 725, 739, 743> 
777-779 

- - as an example 158 

- - limb girdle type 140 

- glycogenosis 260 

- spinobulbar muscular 
atrophy (SBMA) 418 

musical ability 

- high 656 

- poor 656 

Muslim population 558, 

569 

mutability of a gene 401 

- gene Loci 401 

- total 401 

mutagen(s) / mutagenic/ mu- 
tagenesis / mutagenicity 
485 ff. 

- agent 459, 462, 490, 745 

- - effects of 463 

- - vivo test system 462 

- chemical 290, 375, 439, 
485-490, 626, 735, 743 

- - burden due to 487 

- compounds in the envir- 
onment 485 

- drugs, highly 486 

- environmental 457, 461 

- - environmental mutagen 
society (EMS) 485 

- mutagenic action of car- 
bonyl compounds 483 

- substances 343 

- targeted 735 

- testing for 464, 485 



- - conventional toxicolo- 
gical 486 

- - principles of 462 

- - program 462 

- - radiation mutagenicity 
testing, results of 465 ff. 

mutation(s) 385 ff. 

- acceptance, rate of 596 

- additional load of 487 

- agents 

- - mutation-inducing 
490 

- aging 431 ff. 

- albinos 135 

- analysis of human mu- 
tants 385 

- autosomal dominant dis- 
orders, new mutations 
397 

- bar 188 

- y^-chain mutations 413 

- mutants 413 

- /3-thalassemia muta- 
tions 305 

- cancer 431 ff. 

- cells, examination of mu- 
tant cells in vitro 424 

- CF (cystic fibrosis) 109 

- changes of gene frequen- 
cies due to 580 

- chemical(ly) 290, 375, 
439, 457, 485, 487, 490, 
626, 747 

- - induced 459, 483 ff. 

- - mutagenic 402 

- chromosome mutation 
462, 468 

- - germ cells of mice 

465 

- - induced in early germ 
cell stages 463 

- - radiation-induced 

466 

- chondrodystrophic 385 

- chromosomal mutations 
44, 385, 742 

- - numerical 44 

- clustering of 188 

- deletion mutations 317 

- detrimental 561 

- dividing organisms 
402 

- dominant skeleton muta- 
tions, radiation-induced 
216 

- equilibrium between 

- - selection and muta- 
tion 469, 478, 490, 561 

- in evolution 325, 600 

- fra (X) mutation 108 

- frameshift mutations 
310, 312, 314, 336, 423 

- Gaucher mutation 279 
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mutation(s) 

- gene loci, well-defined 
735 

- gene mutations (see also 
genes) 380, 385, 386, 393, 
394, 411, 426, 469 

- - dominant X-linked 
393, 394 

- - radiation-induced 
466 

- - single 631 

- - survey of 411 

- genetics of the mouse 
462 

- genome mutations 385, 
387, 394, 468, 485, 486 

- - induced in early germ 
cell stages 463 

- - mosaics 431 

- - radiation induced 
466 

- germ cells 385 ff., 398 

- globin gene mutations 
308 

- glucokinase 243 

- half-chromatid 411, 412 

- halfstrand of the DNA 
140 

- Hh^S mutations 532 

- of the hemoglobin loci 
667 

- hemoglobin mutations 
310, 413 

- - mutations within he- 
moglobin genes 413 

- - types of 310 

- HD mutations 106, 108 

- of the hemoglobin genes 
241 

- homoplasmic 147 

- imprinting; parenteral 
origin of mutation 144 

- induced (see also below) 
468 

- induction 216, 468 

- - assessment of 216 

- - by X-rays 458 

- - mechanisms of 464 

- intervening 549 

- Kell system 222 

- leading to enzyme de- 
fects 298 

- lethals mutation 141 

- load of mutations 560- 
562 

- mechanism 403, 414, 

415, 419 

- medical and social signif- 
icance of 489 

- method, multiple reces- 
sive 463 

- micro-organisms 423 

- missense 413 



- in mitochondrial dis- 
ease 122, 145 

- models of 403 

- molecular 

- - mechanism 114 

- - types 413 

- mouse mutants 625 

- mutation-like events 
424 

- mutation-selection equili- 
bria 397, 510 

- near-neutral 592 

- neutral 592, 596 

- new mutation 108, 472, 
508, 573, 574 

- - fate of a new muta- 
tion 573 

- - paternal age effects in 
new mutation 108 

- - risk factor for such a 
new mutation 108 

- - X-linked recessive 472 

- nondeletion mutations 
318 

- nonsense mutation 414 

- novel type of 143 

- parental age 403 

- parental origin 144 

- phage-induced mutations 
in E. coli 115 

- point mutations 147, 

284, 313, 423, 424, 485 

- - human 424 

- - ionizing radiation 461 

- - mechanisms of 423 

- - radiation-induced 
461 

- polyadenylation muta- 
tions 314 

- premutation 423, 635 

- - carriers of 423 

- prepubertal 410 

- pressure 482 

- probability 401, 410 

- - per nucleotide 401 

- radiation-induced 402, 

457 ff- 

- random fixation of 598, 
600 

- rates 17, 44, 84, 89, 108, 
366, 385 ff., 394, 398 ff., 

410 ff., 422, 425, 426, 459, 
471, 478, 482, 487, 502, 

504, 510, 521, 544, 559-561, 
568, 571, 573, 595, 599, 742, 
747 

- - and age of the father 
402 

- - calculation 395 

- - in Chinese hamster 
cells 424 

- - chromosomal 386 

- - codon 411 



- - constant overall muta- 
tion rate 568 

- - decrease of 747 

- - detrimental muta- 
tions 561 

- - differential 521, 595 

- - - differential to HbS 
521 

- - direct determination 
386 

- - distribution of 401 

- - dose factor in 459 

- - in Duchenne muscular 
dystrophy, no sex differ- 
ence in 409 

- - estimates / estimation 
521, 560 

- - - unrealistically high 
521 

- - in female 408 

- - high 502 

- - human 401, 425 

- - increase 471, 478 

- - - in mutation rate with 
paternal age 405 

- - intraclonal 544 

- - in male and female 
germ cells 395, 408, 409 

- - methods for estimat- 
ing 394 

- - nucleotide 411, 413 

- - - individual 413 

- - order of magnitude 
400 

- - relative 481 

- - results on 398 

- - sex difference in 407, 

409 

- - - mouse 409 

- - somatic cell 386 

- - spontaneous 284, 424, 
482 

- - - comparison of 284 

- - - increase in the 

487 

- - - trends in 742 

- - suitability for mutation 
rate estimation 400 

- receptor mutations 347 

- recurrent 395 

- reeler 626 

- replication dependent 

407, 423 

- rhodopsin mutation 654 

- same-sense mutation 
414 

- and selection, together 
573, 575 

- sceletal, radiation-in- 
duced 216 

- sentinel 474, 478, 488 

- somatic (see also there) 
147, 229, 329, 331, 333, 343, 



353, 385, 398, 424, 431 ff-, 
438, 454, 775 

- specific, induction of 
735 

- spontaneous 216, 361, 

415 

- thalassemia 317 

- transcriptional 316 

- trisomies, mutation 
rates 44 

- UV-induced 259 

- very low 422 

- X-linked mutation 
658 

- - mutation scurfy 69 
muton 122, 123 

myc oncogene 333 
mycobacterium tuberculo- 
sis 241 
myelin 

- basic protein 362, 364 

- membrane encephalito- 
genic protein 596 

myelogenous leukemia, 
chronic (CML) 20, 28, 
223, 451 

myeloid disease, malignant 

- structural rearrange- 
ments 446 

myeloma proteins 329-331 

- as research tools 329 
myelomeningocele 372 
myoadenylate deaminase 

deficiency 283 
myocardial infarction 134, 
248, 348 

myoclonic epilepsy 147, 
148, 576 

- and mitochondrial myo- 
pathy 147 

myoglobin 595, 596 

- amino acid sequences 
595 

myopathy (see cardiomyo- 
pathy) 

myosin 93, 113, 257, 351, 

352 

- genes 257, 351 

- heavy-chain gene 93 

- myosin gene 257 
myositis ossificans 405, 

406, 478 

myotonic dystrophy 8, 
142-144, 366, 396-398, 
418-422, 426, 478, 635, 

723 

- mutation rate estima- 
tion 421 

mythopoetic tendencies 
606, 608 

MZ (monozygotic) twins 
25, 209, 217, 228-235, 238, 
240, 761 
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- of both sexes, weight 

233 

- concordance in MZ and 
DZ twins 25, 235, 756 

- - difference in 235 

- - mean IQ of both 
232 

- - rates 252 

- coronary heart disease, 
twin studies 246 

- development 230 

- discordant 

- - for diabetes mellitus 
238 

- - MZ twin pairs 240 

- probability 763 

- twin pairs 217 

N 

N-acetyltransferase 197, 
336, 338 

- polymorphic variation 
338 

NaCL concentration 112 
NADH 

- NADH-dependent methe- 
moglobin reductase 

260 

- subunit 4, gene for 147 
NADPH 111, 267 
Nagasaki and Hiroshima, 

atomic bomb survivors 

471 

nail-patella syndrome 169 
Nama (Hottentots) 617 
naphthylamines 343 
narcolepsy 223, 224 
Nasse's law 2, 137 
NAT2, missense mutations 
337 

nationalism, pseudoscienti- 
fic 19 
natural 

- background radiation 
469, 471 

- irradiation 471 

- population history 528 

- selection 188, 239, 508, 
528, 533, 534, 568, 597, 600, 
606, 608, 609, 612, 615, 
743, 747 

- - changes in 747 

- - by infectious agents, 
MHC 543 

- - recessive diseases 
744 

- system of diseases 702 
nature 3 

- nature-nurture concept, 
twin method 228 

Nazi 

- ideology 18 

- regime 706 



Neandertal man (Homo 
neandertalensis) 583- 

585 

neo-Darwinian theory of 
evolution 597 
neolithic 

- culture 530 

- era 518 

- period 615 

- revolution 544 
neonatal 

- jaundice 270, 335 

- pathologists 373 
neoplasias / neoplastic dis- 
ease 

- in atomic bomb survi- 
vors 477 

- caused by irradiation 
469 

- malignant, somatic muta- 
tion 438 

- multiple endocrine neo- 
plasia syndrome (type 
II) 450, 451, 723 

- with chromosomal aber- 
rations 440 

- xeroderma pigmento- 
sum 436 

nephrotic syndrome, conge- 
nital, Finland 579 
neural 

- fold 370 

- groove 370 

- tube 369, 718 

- - defect 718, 721, 723 

- - - screening for 726 
neuroblastoma 450 
neurofibromatosis 133, 143, 

396-399, 401, 406, 407, 

411, 439, 450, 451, 480, 723, 
743 

- central 399 

- neurofibromatosis I 

723 

- neurofibromatosis II 

143, 723 

- population survey 411 
neuroleptics 339, 700 
neuronal 

- degeneration 352 

- process 607 
neuropathy 350 
neuroscience 667 
neurosis 

- compulsive 671 

- obsessive-compulsive 

659 

neurospora 153, 259 

- ascomycete 259 

- n. crassa 153, 296, 461 
neuroticism 234, 648 
neurotransmitters 630, 

681 ff., 702 



- chemical types of 681 

- epinephrine 605 

- function, abnormalities 
in 681 

- metabolism, anomalies 
of 700 

neutral 

- hypothesis 598 

- substitutions 600 

- theory /hypothesis 597- 
601, 618 

neutrons 460 
new 

- genetics 122 

- mutations, X-linked re- 
cessive 472 

New Guinea, papua 544 
NFi 114 

nick translation 93 
Niemann-Pick disease 576, 
577, 671, 672 
nitrazepam 336 
nitrogen mustard 483 
nitrous acid 484 
N-methyltransferase 630 
nomenclature for human 
genes 797 
nonconsanguineous 

- marriages 560 

- matings (see there) 552 
nondeletion 

- a thalassemia, nondele- 
tion forms 322 

- Hba nondelation thalas- 
semia 321 

- mutations 318 
nondisjunction 17, 25, 26, 

69, 71, 72, 79, 387-393, 431, 
447, 466 

- acocentric chromo- 
somes 393 

- and age of the mother 387 

- identification 392 

- induction of 457, 466 

- maternal 388, 389 

- meiotic 26, 44, 390 

- mitotic 51, 52 

- during oogenesis 79 

- paternal 388, 392 

- - germ line 388 

- probability of 393 

- rates 79, 475 

- risk of 71, 393 

- secundary 432 

- sex chromosomes 69 

- during spermatogenesis 
79 

- in trisomy 485 

- X chromosomal 45, 392 
nonexpression 366 
non-Hodgkin lymphomas 

433 

noninactivated genes 75 



nonsecretor gene 249 

- (se/se) 153 
norepinephrine 682, 702 

- in adrenergic synapses 
683 

normal science 1, 2 
Northern blotting 108 
nosology 240 

- improved 216 
novelty seeking 678 
nuclear 

- energy 462 

- power plants 470 
nucleic acid 

- hybridization 92, 124 

- sequencing 100 
nucleolus organizer re- 
gions 31, 84, 85, 392 

- silver staining of 31 
nucleosome 86 
nucleotide pair 83 
nurture 3 

- nature-nurture concept, 
twin method 228 

nutritional therapy 297 

0 

O. 

- content of irradiated tis- 
sue 460 

- dissociation curve 308 

- radicals 111 
obese mouse 627 
obesity 365, 616 

- human 627 
obsessive-compulsive 

- disorder 659 

- neurosis 659 
Oenothera lamarckiana 

385, 483 

old world monkey 583 
olfactogenetics / olfactory 
650 

- epithelium 650 

- neuroepithelium 651 

- signal transduction 651 
oligogenic transmission 

702 

oligohydramnion 371 
oligonucleotides 92, 94, 
101 

- artificial 94 

- primer 101 
oligophrenia, metabolic 

285 

OMIM 713 

oncogenes 116, 442, 444, 
445, 449, 454 

- activation of 444, 451 

- c-myc gene 443, 444 

- c-onc genes (cellular on- 
cogenes) 442, 443 

- human 736 
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oncogenes 

- proto-oncogenes 442- 
444, 452 

- ras oncogene 449 

- v-onc genes 442 
oocytes, human, artificially 

fertilized in vitro 79 
oogonia / oogenesis 403, 

404, 469 

- anomalies in 51 

- human female 404 
open reading frames 

(ORFs) 106, 728 
operator, open 362 
operon concept 260 
ophthalmoplegia 147, 149 

- isolated 149 

- progressive external 147 
opossum 584 

opsin 655 

orangutan (pongo pyg- 
maeus) 583-588, 595, 

605 

organ 

- systems, differentiation 
of 368 

- transplantation 737 
organogenesis 369 
ornithine 

- hemizygous male 140 

- transcarbamylase defi- 
ciency 408 

orofaciodigital (OFD) syn- 
drome 140, 395, 396 
orotic aciduria 280, 294, 
424 

osteogenesis imperfecta 
350, 351, 396, 398, 406, 

407 

- type I 480 
osteomalacia 616 
osteomyelitis 350 
osteoporosis 262 
osteosarcoma 143, 448 
outbreeding 571 
ovalbumin gene 104 
ovarian 

- dysgenesis 72 

- teratocarcinoma 368 
Oxford grid 366, 592, 593 
oxidase 

- monoamine oxidase (see 
MAO) 

oxidation / oxidative 

- aerobic 119 

- alcohol 679 

- decarboxylation 280 

- phosphorylation (see OX- 
PHOS) 119, 145-147 

OXPHOS (oxidative phos- 
phorylation) 119, 145- 

147 

- capacity 147 



P 

P Congo 313, 314 
P Nilotic 313 
P polymorphism 498 
P system 178 
P(ellia) epiphylla 85 
pachytene, patterns during 

385 

pain 

- abdominal 299 

- muscusceletal 299 
paired box 369 

- HUP 369 

- pax 369 

palate, cleft palate 222, 233, 

237, 295, 369, 371, 714 

- selection against 745 
paleoanthropologists 593 
paleoanthropology 583 
palmoplantar hyperkerato- 
ses 576 

palms, keratomas of 216 
pamaquine 267 
pan 583-588, 595 

- pan paniscus (pygmy 
chimpanzee) 585 

- pan troglodytes (chim- 
panzee) 583, 585, 587, 
588, 605, 607, 608, 618, 623 

pancreatic 

- ribonuclease 596 

- and salivary amylase 177 

- secretory trypsin inhibi- 
tor 596 

papua New Guinea 544 
PARj (pseudoautosomal re- 
gion) 173, 175 

- of Xp and Yp 173 
paraoxonase 344 

- genotype 344 
paradigm(s) 1-3, 5, 13, 28, 

144, 157, 195, 196, 364, 693 

- analysis 157 

- biometric 3, 647 

- clash also in psychology 

647 

- Galton's 208, 624, 638 

- Garrod's 196 

- group 181 

- for heterosis 521 

- MendeVs 157, 208, 364, 
624 

paradox, Sherman 635 
parainfluenza virus 171 
paramyxoviruses 224 
parasites 325, 518 

- strategy of 518 
parathione, insecticide 344 
parental 

- age 403 

- aneuploidy, parental 
chromosomes 392 

- consanguinity 5 



- origin of mutation 144 

- risk with parental age 
388 

- uniparental disomy 49, 

365, 366 

Paris nomenclature 35 
Parkinson disease /parkin- 
sonism 147, 341, 700 
parsimony, principle of 603 
parthenogenesis, detrimen- 
tal effects of 367 
pasteurella pestis 539 
paternal / paternity 402 ff. 

- age effect 108, 390, 398, 
402-409, 415, 510, 743 

- - distribution 405 

- - increase in mutation 
rate with paternal age 

405 

- disomy 365 

- disputed 763 

- false 130, 394 

- genomes 380 

- imprinting 366, 367 

- markers 364 

- meiosis 390 

- nondisjunction 388 

- testing 413, 489, 503 
path 

- analysis, principles of 
646 

- coefficient, method of 

551 

pathogenetic mechanisms 
361 

pathologists, fetal and neo- 
natal 373 

pax (paired box) 369 
PGR (polymerase chain re- 
action) 7, 21, 100, 107, 
172, 181, 593, 737, 763 

- analysis of GAG repeats 
108 

- machines 101 

- principle of 100 

- technique 181, 737, 763 
penetrance 141, 216, 235, 

394, 395 

- complete 446 

- incomplete 132, 133, 136, 
202, 227, 394, 395, 410 

pentosuria 577 
peptidase-A 498, 611 
peptidase-D 498 
peptides, gene-determined 

369 

perception / perceptual 

- organization 662 

- sensory 653 

- visual 650 
pericentric inversions 54, 

59, 515, 585, 588, 589, 592, 
601 



- homozygosity 592 
perinatal death 565 
peripherin / RDS gene 655 
pernicious anemia 244 
perseverance 630 
personality 632, 644, 647- 

649, 661 

- 16 personality factors 

(16PF) 632 

- antisocial 656, 657 

- assessment of 644 

- changes 132 

- characteristics 234, 

648 

- - plasticity of 649 

- deviant 657 

- disturbance 665 

- EEG variations and per- 
sonality 675 

- instability, personal 648 

- multiphasic personality 
inventory (MMPl) 632 

- premorbid 697 

- questionnaire(s) 632, 

648 

- variables, correlated co- 
operation 238 

PGM (see phosphoglucoma- 
tases) 499, 611 
PH^-chromosome (see Phila- 
delphia chromosome) 
PHA (phenylalanine hydro- 
xylase) 84, 114, 272, 505, 
576, 724 

- gene 505 

- - population genetics 
of 506 

- hepatic 285 

- mutants 576 
phages 176 

- in basic genetics 299 
pharmacogenetics 7, 197, 

258, 267, 335, 340, 341, 343, 
623, 647, 668, 727 

- deals 7 

- differences 486 

- monogenic pharmacoge- 
netic traits 340 

- multifactorial 340 

- twin studies 451 

- variation at the level of 
the target organ 341 

pharming 368 
phenelzine 336 
phenocopy / phenocopies 
270, 368, 394, 395, 488, 659 

- genetic enzyme defects 
270 

- later phase 368 

- proportion of 394 
phenogenetics 8 
phenomenological meth- 
ods 632 
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phenotypes / phenotypic 

- autosomal dominant X- 
linked 397 

- child’s phenotype 364 

- genotype-phenotype rela- 
tionships 7, 374 

- intermediate phenotype 
670 

- phenotypic-biometric le- 
vel, quantitative 200 

- phenotypic variance 
206 

- sex 376 

- in vivo 340 
phenylalanine 84, 114, 196, 

285, 286, 293 

- blood phenylalanine le- 
vels in stress situations 
289 

- hydroxylase (see PHA) 

84, 114, 272, 505, 576, 724 

- - defects 668 

- hyperphenylalaninemia 
(see HPA) 285, 287, 288, 

505, 724 

- intake reducing 286 

- levels of the mother 

724 

- low-phenylalanine diet 
285, 287 

- phenylalanine-free diet 
287 

- phenylalanine-restricted 
diet 293 

- requiring bacteria 288 

- and tyrosine, metabolic 
pathways 285 

phenylethanolamine 630 
phenylketonuria (see also 
PKU) 4, 153, 196, 272, 
285-289, 397, 413, 489, 
495, 504, 505, 527, 567, 

578, 579, 668, 671, 702, 
724, 739 

phenylpyruvic acid 262 
phenylthiourea, testing of 
228 

pheochromocytoma 450, 
716 

Philadelphia chromosome 
(PH') 28, 440, 441, 454 

Philippines 533 
phosphatidyl inositol-3’ki- 
nase 433 

phosphodiesterase, cGMP 
654 

phosphofructokinase activ- 
ity in red cells 374 
phosphoglucomatases 
(PGM) 499 

- PGMi 499 

- PGM2 499, 611 

- PGM3 499 



phosphogluconate dehydro- 
genase 499 
phosphoproteins 449 
phosphoribosylglycinamide 

- synthase activity in fibro- 
blasts 374 

- synthetase 170 
phosphoribosylpyropho- 

sphate synthetase defi- 
ciency 714 
phosphorylation 263 

- oxidative (see also OX- 
PHOS) 119, 145-147 

phosphotransferase 433, 
438 

photoreactivation 435 
photoreceptor 

- degeneration of 655 

- polymorphism of red 
photoreceptor 654 

phylogenetic tree 

- construction of 603 

- history 584,589,593,594 

- mitochondrial 602, 603 
physical maps 163 
phytohemagglutinin 

(PHA) 30 

piebald spotting 463, 464 

pig 

- guinea pig 466 
pigment 

- blue pigment, gene for 

653 

- genes, color vision 652 

- red pigments, spectro- 
scopic studies of 653 

Pima Indians 616 
pituitary dwarfism 294 
PKU (phenylketonuria) 4, 
153, 196, 272, 285-289, 397, 
413, 489, 495, 504, 505, 527, 
567, 578, 579, 668, 671, 702, 
724, 739 

- dietary treatment 286 

- enzyme defect 285 

- frequency of 505 

- genetic heterogeneity 
287 

- heterozygotes 288, 701 

- newborn screening for 
495 

- phenylketonuric child, 
metabolic studies in 
287 

- screening 724 

- sibs of 289 

- women with treated 
PKU 287 

placenta /placental 365 

- insufficiency 375 

- large cystic 365 

- malaria 525 

- underdeveloped 365 



plant(s) 

- breeding 514 

- hybridization, experi- 
ments 14 

- nuclear power plants 
470 

plaque(s) 520, 538, 542 

- and blood group o 538 

- epidemics 542 

- H antigen of 540 

- senile 350 
plasma /plasmids 

- cloning capacity of plas- 
mids 90 

- idioplasma 16 

- steady- state concentra- 
tion 337 

plasminogen 249 
plasmodia, multinucleated 
170 

plasmodium 

- p. falciparum 542 

- p. vivax 614 
pleiotropy 266 
pneumonia 237 

point mutations 147, 284, 

313, 485 

- ionizing radiation 461 

- radiation-induced 461 

- selective system for 284 
Poisson distribution 154, 

573 

poly-A sequence 103 
polyadenylation mutations 

314 

polycystic disease of kid- 
ney 145, 396, 397, 399, 579 
polycythemia vera 310 
polydactyly 12, 211, 295 

- in the guinea pig 211 
polygamy 606, 609 
polyglutamine sequence 

421 

polygyny 606 
polymerase(s) 424 

- chain reaction (see PGR) 
polymorphism(s) / poly- 
morphic 144 

- ABO 498, 538, 544 

- acetylation 337 

- Oj-antitrypsin poly- 
morphism and diseases 
226 

- apolipoprotein E poly- 
morphism (Apo E) 228, 
248, 249 

- - and atheroclerosis 
228, 248 

- balanced 523, 525, 528, 
562 

- Center for Study of Hu- 
man Polymorphisms 
(CEPH) 728 



- codon polymorphisms 
308 

- CYP^D6 339 

- debrisoquine-sparteine 
337 

- and disease 246 

- DNA (see also there) 21, 
114, 122, 164, 165, 172, 180, 
306, 323, 387, 392, 397, 398, 
501, 503, 521, 599, 713, 762, 
763 

- E4 polymorphism 249 

- enzyme 198, 497 

- genetic (see also there) 

118, 167, 218, 219, 326, 330, 
496, 497, 500, 501, 527, 544, 
569, 600, 610, 611, 617, 647 

- lipid-related 248 

- lipoprotein (a) poly- 
morphism 249 

- loci 501 

- mephenytoin 340 

- MHC 187, 543, 544 

- at the nucleotide level 
308 

- protein 597 

- of red photoreceptor 654 

- RFLP (restriction frag- 
ment length polymorph- 
ism; see also there) 168, 
288, 501-503 

- Rh polymorphism 516 

- serum protein 497 

- variation, N-acetyltrans- 
ferase 338 

polyneurophathy, sensori- 
motor 576 
polyoma virus 424 
polyovulation 229, 231, 

617 

polyploidization 44, 596 
polyploidy 385 
polyposis 

- cancer 449 

- familial adenomatous 
(FAP) 449, 451 

- hereditary 716 

- of intestines 396 
polysymptomatic similarity 

diagnosis 235 
Pompe disease 262 
pongidae 589 
pongo pygmaeus (orangu- 
tan) 583-588, 595, 605 
population(s) 

- African-American (see 
also there) 570, 571 

- American-Indian 604, 
611, 614 

- Arab 614 

- Asian-American 710 

- black, new world 526 

- breeding 574 
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population(s) 

- breeding 

- - isolation of breeding 
population 608 

- control 608, 609 

- density, changes in 518 

- description of 495, 496 

- distance 549 

- Eskimos 614 

- explosion 608 

- exposure 486 

- - to ionizing radiation 
469 

- Finnish-speaking popula- 
tion 578, 580 

- French-Canadian popula- 
tion 505, 580 

- gene pool of the popula- 
tion 711 

- genetics 4, 147, 245, 298, 
495ff-> 528. 549 ff-. 579 

- - clinical 245 

- - consanguinity 549 ff. 

- - consequences for 298 

- - genetic drift 549 ff. 

- - human 401 

- - of rare disorders 579 

- - techniques of 528 

- - theoretical problems 4 

- heterogeneity 553 

- Hindu 558 

- history 528-530 

- - Southeastern Asia 
530 

- human population 

- - monitoring of human 
population for increased 
mutation 488 

- - radiation load of 470 

- Jewish 614, 706 

- - Ashkenazi Jewish po- 
pulation 279, 289, 432, 
505, 576, 577, 580, 710 

- Mongoloid 614 

- monitoring 387, 401, 474 

- - large scale 489 

- Muslim 558 

- primitive 608, 705 

- - present-day 705 

- screening 290, 324 

- - large-scale 290 

program 324 

- small sizes 542, 609 

- structure 495, 549 

- study 402 

- variability of repeat 
length, normal popula- 
tion 419 

porcupine man 140 

porphobilinogen deami- 
nase 347 

porphyria 291, 347, 671, 

701, 715, 716 



- acute intermittent 347, 
701, 716 

- dominant 347 

- gene for 291 

- variegata 701 
position / positional 

- cloning 109, 111, 215, 257, 
666, 670 

- effects 67 

posteriori (Bayesian) prob- 
ability 291 
postgastrula 363 
postimplanation zygote 
loss 462 

postmortem study, compe- 
tent 373 

postreplication repair 435, 
436, 486 

potential immortality 453 
POU Pit-1 369 
Prader-Willi syndrome 67, 
68, 143, 365, 366 
preaxial polysyndactyly, 
type IV 480 
predispositions, diseases 
12 

pregnancy 

- surveillance, routine 721 

- twin pregnancy 642 

- - peculiarities of 647 

- “untoward pregnancy 
outcome” 473, 568 

preimplantation loss 77 
premorbid personality 697 
premutation 635 

- carriers of 423 
prenatal 

- age, decreasing 747 

- diagnosis 8, 20, 21, 64, 
66, 263, 278, 324, 666, 

711 ff., 718 ff., 730, 737, 743, 

744. 746 

- - DNA analysis 719 

- - hemoglobinopathies 

324 

- - indications for 722 

- - of inherited metabolic 
disorders 720 

- - sickle cell anemia 726 

- zygote loss, incidence of 
76 

preventive / prevention 

- coronary artery disease 
248 

- Down syndrome 725 

- medicine 742, 743 

- - goals of 743 

- mental retardation 724 
primaquine 267, 268 
primates 

- higher primates, phyloge- 
ny 54 

- subhuman 705 



prion disease 352 
priori risk 291 
probability problems, sim- 
ple 154 
proband(s) 

- method 157 

- selection /selecting 

- - multiple selection, in- 
complete 156 

- - selecting and examin- 
ing 159 

- - single selection 156, 

157 

probes 91 
progestins 673 
prognathism 366 
progression 

- tumor 444 
promoter 122, 313, 361, 443, 

444 

- mutations, transcription 

313 

- regions 414 

- sequences 122, 361 
pronuclear transplantation 

365 

propaganda, eugenic 18 
properdin factors 182, 

498 

- factor B 498 
propionic acidemia (ketotic 

hyperglycinemia) 567 
protan 

- defect 654 

- and deutan loci 177 
protanomaly 653 
protanopia 652, 653 
protein(s) 

- biosynthesis 102, 376 

- - template for 102 

- confirmation 598 

- diversity 362 

- domains 596 

- evolution 594 

- G protein 683 

- - taste-cell specific 656 

- gene-DNA and protein le- 
vels, studies 350 

- group-specific 498 

- mitochondrial mem- 
brane 445 

- nonhistone 86 

- nonprotein molecule 
301 

- phosphoproteins 449 

- polymorphism 597 

- protein kinase, tyrosine- 
specific 443 

- protein-binding genes 
376 

- protein-enzyme 394 

- protein inhibitor (PI) 

226 



- protein variants in chil- 
dren of survivors of the 
atomic bombs 473 

- Rb proteins 447 

- ribosomal 445 

- regulatory 369 

- sequences 608 

- serum proteins 499 

- surface loops of 362 

- synthesis 263, 304 

- - overview of 304 

- therapeutically valuable 
368 

- tumor suppressor p53 
protein 448 

proto-oncogenes 442-444, 
452 

pseudoalleles 122, 176 
pseudocholinesterase (bu- 
tyrylcholinesterase) 153, 

293, 335, 500 

- deficiency enzyme ther- 
apy 293 

- substitution of 293 
pseudodominance 136, 576 

- in autosomal recessive in- 
heritance 136 

pseudogenes 93, 102, 122, 
303, 306, 340, 599 

- for Hba 304 
pseudohermaphroditism 

72, 377, 379, 672 

- female 72 

- male 72, 377, 379 
psoriasis 223 
psychasthenia 661 
psychiatric 

- interview, structured 
656 

- Munich school of psy- 
chiatric genetics 159 

- symptoms preceding al- 
coholism 678 

psychologists 666 
psychology / psychological 
667, 677 

- abnormalities, chromo- 
some aberrations 659 

- exercise 240 

- genetic counseling and 
psychological aspects 

717 

- of learning 628 

- paradigm clash also in 
psychology 647 

- research in 639 

- sex 376 

- social 647 

- - and psychological as- 
pects of adoption 646 

- test 631, 665 
psychomotor development, 

deficiencies of 659 
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psychopathy 658, 663, 677 
psychopharmacological 

- agents 668 

- reactions 683 
psychoses / psychosis 3, 

490 

- birth defect of major psy- 
chosis 714 

- common 245 

- endogenous 677 

- liability to 662 

- major 631 

- psychogenic 677 

- schizophrenialike 662, 

700 

psychosexual behavior 629 
psychotherapy 661 
psychotic behavior 282 
psychoticism 648 
psychotropic drugs 683, 

701 

PTA (factor IX) deficiency 
577 

public health 482 
pulmonary diseases (see also 
respiratory) 226 

- bronchial irritation, re- 
current 227 

- chronic emphysema 
227 

- chronic obstructive 226, 
227, 290, 294 

- - associations with 226 
purine metabolism, enzyme 

defects in 283 
purity of gametes 129 
putamen 132 

pygmy chimpanzee (pan pa- 
niscus) 585, 729 
pyloric stenosis 213, 565 
pyridoxine (vitamin B^) 

282 

- dependency 282, 671 
pyruvate 

- glutamate-pyruvate trans- 
aminase (see GPT) 198 

- kinase deficiency 266 

Q 

Q bands 31, 37> 588 

- additional 588 

- terminal 588 
quadrozygotic quadruplets 

229 

quality control 730 
quantitative 

- genetics 208, 228, 624 

- - methods of 228 

- linkage analysis with 
quantitative traits 174 

- phenotypic-biometric le- 
vel 200 

- traits 632 



quasi-continuous varia- 
tion 211 

Queen Victoria’s pedigree 

of 137 

questionnaire(s) 

-16 personality factors 
(16PF) 632 

- multiphasic personality 
inventory (MMPI) 632 

- personality 632, 648 
quinacrin mustard stain- 
ing 31 

R 

R bands 31, 32 
rabbit 150, 466, 584 
race(s)/ racial 18,569,608, 
610, 615-618, 710 

- classification, racial 610, 
611 

- crossing, racial 617, 618 

- - beneficial effects of 
617 

- - interracial crosses 
617 

- - - in Hawaii 617 

- future of human races 
617 

- genetic difference be- 
tween 611 

- groups, racial 307, 612 

- history 610 

- intermarriage 710 

- major 615 

- mixture /admixture, ra- 
cial 617, 618, 710 

- mystical concepts of 
18 

- selective mechanisms for 
racial characteristics 
616 

racism 18 

radiation / radiation-induced 
radiation 

- background radiation 
475, 482 

- - natural 469, 471 

- cosmic radiation 469 

- dominant skeleton muta- 
tion 216 

- effect 

- - genetic 471 

- - lower 468 

- exposure to 471 

- exposure, germ cell 472 

- genetic risk due to radia- 
tion 461 

- genetics 483 

- - classical 458, 459 

- - conclusions from 
mouse radiation genet- 
ics 468 

- - mammals 462 



- ionizing radiation (see 
also there) 216, 461, 490, 
743> 747 

- molecular effects 460 

- mutagenicity testing, re- 
sults of 465 ff. 

- protection 469, 482 

- radiation effects research 
foundation (RERF) 471 

- radiation-induced 

- - chromosome muta- 
tions 466 

- - gene mutation 466 

- - genome mutations 
466 

- - mutations 457 ff. 

- - point mutations 461 

- radiation load of human 
population 470 

- risk to humans 469 

- sickness 472 

- somatic chromosome mu- 
tations after exposure to 
476 

- suspectibility 477 

- united nations committee 
on effects of atomic ra- 
diation (UNSCEAR) 

478, 481 

radicals, highly reactive 
460 

radioactive 

- contamination 470 

- probes 728 
radiobiology 477 
radionuclides 474 
radon in the air 469 
ragged red fibre disease 

(MERRF) 148 
ragweed pollinosis 218 
random 

- associations 307 

- drift 600, 618 

- factors 245 

- fixation 

- - alleles 705 

- - of mutations 598, 601 

- matings 150, 214, 549, 
569 

- - deviations from 549 

- - population 184, 205 

- processes 600 

- replacement 414 
rare /rare disease 

- cutter enzymes 173 

- genes for rare diseases 
144 

- genetic variant 497 

- hereditary diseases 195 

- inborn errors of metabo- 
lism, very rare 282 

- inherited diseases, rare 
575 



- Mendelian risk for rare 
disorders 712 

- populations of genetic 
rare disorders 579 

- segregation ratios, rare 
traits 155, 156 

- treatment of 740 
ras oncogene 449 
“Rassenhygiene” 8, 18 
ratio(s) 

- ratio B/A 560-563 

- segregation ratios (see 
there) 

rats 462 

- emotional 630 

- nonemotional 630 
Rb 

- allele, homozygosity 
448 

- proteins 447 

- Rbi 114 

rDNA (ribosomal DNA) 4, 
88, 90, 294, 345, 376, 738, 
740 

- experimental /research 
of 740 

- methods 294 

- recombinant DNA com- 
mittee 738 

- technology 88, 90, 

345 

- transcription 376 
reactivity, EEG 680 
reading frame(s) 

- open (ORFs) 106, 728 

- out-of-phase 333 

- shift errors 311 
reannealing kinetics 84 
rearrangements (see also in- 
trachanges) 53, 54, 59 

- chromosome /chromoso- 
mal 453, 461 

- - carcinogenesis due to 
444 

- interchromosomal 54 

- intrachromosomal 53 

- somatic 330 

- unbalanced Robertso- 
nian 387 

receptor(s) 702 

- androgen receptors, defi- 
ciency of/ deficient 672, 
683 

- acetylcholine receptor 
652 

- defects 378 

- - X-linked 347 

- diseases 672 

- dopamine receptor 683, 
700 

- - subtypes 684 

- drug receptors 668 

- gene, X-linked 673 
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receptor(s) 

- genetic variability at the 
level of 683 

- hormone receptors 669 

- isoreceptors 683 

- LDL receptors in familial 
hypercholesterolemia 
683 

- leptin receptor 627 

- molecules 380 

- mutations 347 

- for a regulatory substance 
(low-density lipopro- 
tein) 134 

- 4 S receptor 380 

- 5 S receptor 380 

- 8 S receptor 380 

- T cell receptor genes 
442 

recessive 

- autosomal-recessive dis- 
eases / defects (see also 
there) 504, 567, 642, 672, 
745 

- disease 563 

- disorders 559, 578 

- - in Finland 578, 579 

- - and X-linked recessive 
disorders 157 

- DMD linked recessive 
156 

- and dominant conditions 
in humans and animals 

145 

- equilibrium for recessive 
genes 145 

- genes, deleterious 566, 

567 

- hemophilia, X-linked re- 
cessive 138 

- methemoglobinemia 
(HbM), recessively inher- 
ited type of 260 

- mutation method, multi- 
pie 463 

- X-linked recessive 

- - inheritance 200 

- - hemophilia A 138 

- - mental retardation 672 

- - new mutations 472 

reciprocal 

- crosses 366 

- translocation 47, 52, 58, 
61, 63, 66, 466, 476 

- trisomy 21 52 

von Recklinghausen dis- 
ease 723 

recognition marker 278 

recombination / recombina- 
tional events 166 ff., 182, 
191, 311, 320, 323, 367, 416, 
447> 596 

- activating genes 333 



- DNA, recombinant {see 
rDNA) 4, 88, 90, 294, 
345» 376, 738, 740 

- fraction 168 

- frequency of 191 

- genetic 176 

- hot spot, recombination- 
al 307 

- illegitimate 652 

- mechanisms of 209 

- nonhomologous 115 

- probability 166, 167, 169 

- - sex difference 169 

- spontaneous 368 
recon 122, 123 
recurrence 

- rates 718 

- risks 711-717, 730, 780 
red 

- cell enzymes 498 

- photoreceptor, poly- 
morphism of 654 

- pigments, spectroscopic 
studies of 653 

red-green color 

- blindness 74, 164, 165, 

177 

- vison genes 177 
reductase / reductionism 

607 

- deficiency 270 

- genetic approach, reduc- 
tionistic 667 

- NADH-dependent methe- 
moglobin reductase 260 

reeler mutation 626 
reference memory, nonspa- 
tial 630 

registration system 401 
regression to the mean 
203, 208 
regulator genes 

- cell-cycle 445 
regulatory 

- mechanisms 362 

- substance, receptors for 
(low-density lipopro- 
tein) 134 

Reiter's disease 223 
rejoining process, molecular 
mechanisms 333 
relationship among objects, 
spatial 647 
relatives 

- correlation between 
207 

- first-degree 205 

- second-degree 205 

- third-degree 205 
relaxation of selection 189, 

511, 512, 529, 531, 545, 609, 
610, 743-745> 747 
release scheme, sexual 673 



reliability 631 
remnant removal disease 
247, 248 
renal 

- failure 244 

- transplantation 716 
renin 

- genes 367 

- renin-angiotensin sys- 
tem 367 

repair 

- chromosome repair 

451 

- DNA repair 452 

- - defects of 451 

- postreplication repair 
486 

- enzymes 45, 331 

- - DNA 435 

- mechanisms 436 

- - DNA 435 

- - - excision repair 435, 
436 

- - - photoreactivation 
435 

- - - postreplication re- 
pair 435, 436 

- processes 415, 424, 601 
replication 29, 402 

- deficiensies of DNA repli- 
cation 439 

- dependence 415 

- mechanisms of DNA re- 
plication 437 

- unscheduled or repair 29 
repressors 376 
reproduction / reproductive 

- advantage of heterozy- 
gotes 409 

- advice 717 

- barrier 592, 601 

- capacitiy, reduced 137 

- choices 718 

- decisions 711, 717 

- isolation 612, 705 

- options 20, 711, 714, 716 

- performance 509 

- sexual 367 

- wastage 568 
repulsion (see also trans 

phase) 67, 122, 164, 166 
RERF (radiation effects re- 
search foundation) 471 
research 

- chromosome research 3 

- Hb research 299 

- HD collaborative research 
group 109 

- human genetics, research 
infrastructure 727 

- interdisciplinary 610 

- myeloma proteins as re- 
search tools 329 



- in psychology 639 

- RERF (radiation effects 
research foundation) 471 

- research strategy in eluci- 
dating the factor VIII 
gene 103 

- twins 17, 159 
resistance against antibio- 
tics 90 

respiratory 

- atopies 219 

- diseases (see also pul- 
monary diseases) 226, 
227 

- muscles, depression of 
336 

restriction 

- endonucleases 7, 88 

- enzymes 21, 307 

- - enzyme polymoph- 
ism 307 

- fragment 503 
retina 

- cones in the 651 

- dystrophia retinae pig- 
mentosa-dysacusis syn- 
drome 579 

- rods in the 651 
retinitis pigmentosa 655 

- autosomal-dominant 

654, 723 

retinoblastoma 67, 68, 132, 
133, 352, 366-399> 406, 

407> 4i3> 445> 448, 45i> 454, 
474> 480, 511, 512, 743, 775- 
777 

- bilateral 406, 407, 477, 
478 

- deletion in patients with 
retinoblastoma 447 

- genetic counseling for 
447 

- hereditary 511 

- increase in 512 

- inherited type 446, 775 

- probability calculation 
777 

- sporadic 775 

- tumor tissues from reti- 
noblastoma 447 

- unilateral 446 
retroviruses 116, 442 

- vectors 735 
Rett syndrome 636 
Reunion Island 142 
reverse genetics 196 
reward dependence 678 
RFLP (restriction fragment 

length polymorphism) 

168, 288, 501-503 

- haplotype analysis of 
RFLP variants 288 

- markers 288 
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Rh (rhesus / rhesus sys- 
tem) 498, 515 ff-> 534, 571, 
750 

- blood groups 17, 750 

- complex 178 

- factor 142, 516 

- gene complex 179 

- - structure of 180 

- hemolytic disease 17 

- loci /Rh locus 169,197 

- negative (dd) 153 

- polymorphism 516 

- rhesus monkey 466 

- selection against Rh het- 
erozygotes 515 

- system 178, 180, 186 

- - genetics 180 

- - mother-child incom- 
patibility 219 

- typing 178 
rheumatoid arthritis 350 
rhinitis 218 

RHO (rhodopsin gene) 

654 

rhodopsin 652 

- gene (RHO) 654 

- genetically abnormal 

654 

- mutations 654 

- - DNA haplotypes 
around identical rhodop- 
sin mutations 655 

RI endonuclease 91 
riboflavin deficiency 270 
ribosomes / ribosomal 

- maternal origin 364 

- proteins 445 

- RNA genes 61 
rickets 612, 615 

ridge patterns of the finger 
tips 264 

right-ward crossover 320 
ring chromosome 56, 60, 
461, 476 
risk(s) 

- assessment 63, 729, 720 

- calculation 754 

- carcinogenicity 465 

- empirical risk figures 17, 
160, 210, 714, 755, 775 

- estimates 

- for genetic disease 479 

- - on human data 477 

- figures 3, 159, 632 

- - empirical risk figures 
159, 239, 636, 637, 693, 698 

- - - for affective disor- 
ders 695 

- - - interpretation of 
638 

- genetic 216, 244, 372, 

759, 775 

- - assessment of 485 



- - calculating 759 

- - by ionizing irradia- 
tion 482 

- - estimates of 457, 775 

- - genetic risk due to ra- 
diation 461 

- - minimize the genetic 
risk 470 

- high-risk 

- - children, prospective 
studies on 702 

- - groups of humans 
464 

- hypertension, risk fac- 
tor 244 

- Huntington disease, re- 
currence risk for 777 

- Mendelian disorders, risk 
for rare 712 

- of miscarriage 719 

- of nondisjunction 71 

- with parental age 388 

- radiation risks to hu- 
mans 469 

- recurrence 711-717, 730, 
780 

- - in X-linked recessive 
inheritance 780 

- for X-linked disorders 
722 

RNA 

- amplification 101 

- cellular RNA viruses 116 

- cleavage 314 

- - and polyadenylation 
mutants 316 

- DNA- RNA hybridiza- 
tion 61, 85, 87 

- - in vitro 85 

- embryonic RNA synth- 
esis 364 

- endonucleolytic cleavage 
of 306 

- maternal 364 

- mRNA (see below) 44, 
84, 91, 92, 102 ff.. Ill, 114, 
120, 174, 263, 284, 306, 307, 
315, 317, 321, 331, 361-364, 
368, 369, 374, 414, 447, 599 

- one-stranded RNA 442 

- polymerase 361, 417 

- - cofactor of RNA poly- 
merase-i 376 

- - polymerase III promo- 
tor A and B 417 

- processing 117 

- - processing mutations 

315 

- recombinant (rRNA) 
genes 60, 85, 392 

- ribosomal RNA genes 
61, 84, 113 

- tRNA (see below) 364 



- transcripts 117 

- transfer 84 

- viruses 442 
road map test 662 
Robert /Robertsonian 

- syndrome 67 

- translocation 60, 63, 65, 
66, 374, 396, 466, 589 

14/21 63 

- - centric fusions 589 
rods 654 

- in the retina 651 
role differentiation 234 
roundworms 727 
rRNA (ribosomal RNA) 

genes 60, 85, 392 
rubeola infection 371 
rumplessness 369 

S 

saddle pigs 613 
salivary amylase 177 
salvage pathway 283 
sample / sampling 

- limited representative 

235 

- unlimited representative 

235, 697 

Sandhoff 

- disease 276, 671 

- gangliosidosis 280 
Sanfilippo 

- disease 566 

- mucopolysaccharidosis / 
Sanfilippo syndrome 
273, 275, 276, 566 

- - III A 273 

- - III B 273 
--me 273 

- - III D 273 
Sardinia 726 
satellite(s) / satellite re- 
gions 36, 85, 87 

- association 392, 393 

- DNA 85, 87, 601, 602 

- microsatellites (STRs) 

172, 502 

- minisatellites (see also 
there) 119, 172, 190, 502 

scarlet fever 237 
Scheie 

-IS mucopolysaccharido- 
sis 273 

- Scheie disease 276, 278 
schistosoma 544 
schizoaffective disorder 

697 

schizophrenia 158, 176, 241, 
289, 341, 490, 520, 631, 

659, 671, 693 ff., 714 

- adoption studies in 699 

- biological hypotheses in 

699 



- children 160 

- discordant monozygotic 
twins discordant for 
698 

- genetic basis of 702 

- onset of 698 

- - late-onset 289 

- psychoses, schizophrenia- 
like 662, 701 

- twin and family studies 
in 697 

schizophrenic(s) 

- action 700 

- chronic 700 

- first-degree relatives of 
698 

- relatives of 699 
school 

- performance 564, 640 

- - genetic component in 
640 

- success in 640 
science 

- compartmentalization 
of 681 

- normal 1, 2 

- social science 667 
scientific 

- community/ communica- 
tion 144, 457 

- - channels of 457 

- enlightenment 606 

- theory 208, 240 
sclerae, blue 351 
scrapie 352 
screening 

- AFP 730 

- genetic 711, 724, 730 

- - for certain genetic car- 
rier states 724 

- hemoglobinopathies 

324 

- hyperlipidemia, popula- 
tion screening 251 

- marker screening, multi- 
ple 722 

- of mentally defective per- 
sons 262 

- neural tube defect 726 

- newborn screening pro- 
grams 504, 726 

- phenylketonuria (see also 
PKU) 724 

- population screening 
290, 324 

- programs 20, 287, 289, 
397, 567 

- - for inborn errors of 
metabolism 397 

- - for inherited metabolic 
disease 567 

- - for newborns 287 

- - well-meaning 289 
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screening 

- systematic newborn 
screening 288 

scurvy 297 

secondary constriction 32 
seeking, novelty 678 
segregation 129 

- abnormal type 65 

- analysis, method of 157, 

751 

- - complete (truncate) as- 
certainment 157 

- - methods for correcting 
bias 157 

- distortion 409 

- independent 129 

- load, segregational 562 

- Mendelian 257 

- not independent 163 

- ratios 129, 132, 138, 153- 
155, 182, 200, 212, 213, 216, 

513 

- - of affected and unaf- 
fected sibs 213 

- - analysis of 153 

- - distortion of 513 

- - rare traits 155, 156 

- translocation 64 
seizures 270, 279, 282 

- epileptic 270 
selection(s) 64, 66, 152, 

156, 187-189, 511 ff., 521 ff., 
528, 529, 542, 570-574, 578, 
580, 597, 598, 600, 604, 
606, 609, 612, 614, 618, 
627, 729, 743-747 

- ABO blood groups, selec- 
tion (see also there) 521, 
542 

- abortion, selective 8, 
289, 324, 325, 726, 730, 737 

- advantage, selective 423, 
578, 592, 599, 614, 615 

- adverse 729 

- against cleft lip and pa- 
late 745 

- against heterozygotes 

514, 515 

- agents 543 

- artificial 478, 511, 519, 
626, 744, 746 

- - effect of 519 

- balancing 597 

- breeding, selecting 2, 
734, 735 

- changes of gene frequen- 
cies due to 580 

- coefficents 517, 559 

- for continuosly distribu- 
ted characters 519 

- density-dependent 518 

- disadvantage, selective 
574, 598 



- effect of 519, 520 

- equilibrium between 

- - mutation pressure and 
selection 478 

- - selection and muta- 
tion 469, 490, 561 

- evidence of 571 

- by falciparum malaria 

571 

- favor of heterozygotes 

514 

- favorable selective trend 
746 

- frequency-dependent 
517, 518, 539, 542, 598, 599 

- - in combination with 
linkage disequilibrium 
518 

- genes, selective (see there) 

- due to infectious disease 
520 

- intensities 542 

- interactive 187 

- Kin selection (see also 
there) 518, 606 

- leading 514 

- due to malaria 521 

- mathematical models 
508 

- mechanisms, selective 
528 

- migration, selective 557, 
570 

- mutation-selection 

- - co-operation 573, 574 

- - equilibria 397, 510 

- natural (see also there) 

188, 239, 508, 528, 533, 534, 
568, 597, 600, 606, 608, 
609, 612, 615, 744, 747 

- negative 598 

- in plant and animal 
breeding 206 

- positive 600 

- pressure 569, 612, 745 

- - due to malaria 569 

- proband selection (see 
there) 

- relaxation 189, 511, 512, 
529, 531, 545, 609, 610, 
743-745, 747 

- selective value 571, 604 

- - of a genotype 604 

- studies on 528 

- theory 508 

- translocation, prenatal se- 
lection 64, 66 

selfish gene 518 
Sendai virus 171 
Senegalese type of sickle cell 
anemia 241 
senile plaques 350 
sensation, human 650 



sensorimotor polyneuropa- 
thy 576 
sensory / sensitive 

- anomalies 218 

- functions 648 

- perception 653 

- periodof early life 365 
sentinel 

- anomalies 480 

- mutations 474, 478, 

488 

sequence(s) 371-374, 593 

- alu sequences 84, 116, 
117, 416-418, 592 

- amino acid sequence of 
the chain, primary 
structure of 302 

- base sequence /base pair 
sequence 361 

- deformaton 373 

- DNA sequences (see also 
there) 1, 15, 85, 89, 97-100, 
123, 124, 269, 301, 361, 378, 
402, 416, 501, 703, 596, 597, 
601, 602, 727-729 

- dysplasia 373 

- dysruption 373 

- insulin, amino acid se- 
quence 300 

- LINE (long interspersed 
repeat sequences) 84, 

117, 123 

- malformation 373 

- misp airing of homolo- 
gous sequences 189 

- monosaccharides 276 

- nucleic acid sequencing 
100 

- poly-A sequence 103 

- polyglutamine 421 

- promoter sequences 122, 
361 

- protein sequences 608 

- SINE (short interspersed 
repeat sequences) 84, 

117, 123 

- STS (sequence-tagged 
sites) 728 

- TATA sequence 103 

- technology, sequencing 
728 

serological cross reactions 
182 

serotonin 682, 700, 702 

- system 700 
Sertoli 

- cells 377, 378 

- only syndrome 378 
serum groups 761 
sex / sexual / sexuality 

- activity 405 

- characters 376 

- - female 377 



- - secondary 376 

- choice 122 

- chromosomes / chromoso- 
mal 69, 376 

- - aberrations 63, 666 

- - abnormalities 79 

- - human 175 

- - nondisjunction of 69 

- - search for 663 

- - trisomies 387 

- determination 4, 20, 69 

- - drosophila 69 

- - mechanism of 20 

- - - X-Y mechanism 69 

- - primary function 72 

- development, abnormal 
660 

- difference in EEG pat- 
terns 674 

- differentiation 17, 166, 
169, 373, 376, 415 

- - autosomal linkage 169 

- - genetic anomalies of 
373 

- - somatic 376 

- dimorphism, develop- 
ment of 376 

- disturbances in sexual de- 
velopment 27 

- genotypic sex, assessment 
of 380 

- gonadal sex 376 

- homosexuality 658 

- - and hormones 673 

- hormones 669, 672 

- intersexes 72 

- limitation 140 

- natural selection, device 
of 606 

- phenotypic sex 376 

- promiscuity 605 

- psychological sex 376 

- ratio 

- - of affected persons 
213 

- - at birth 472 

- - distortions of sex ra- 
tios 365 

- - shifts 472 

- - - in medically irradi- 
ated individuals 472 

- release scheme 673 

- reproduction, sexual 

367 

- sex-specific brain pat- 
terns 673 

- SRY (sex reversal gene) 

174, 376 

- of transmitting parent 
366 

Sherman paradox 635 

short-term memory 640 

shunt pathway 264 
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Siamese twins 230 
sib(s) 

- method, affected 696 

- sib pair method 167, 169, 
174, 702 

- - finding linkage 169 

- sibships, distribution of 
IQ in 637 

sickle cell 

- anemia 19, 21, 114, 136, 
241, 299, 300, 310, 324, 325, 
505, 523, 722, 725, 726 

- - heterozygotes 523 

- - moderate clinical find- 
ings 325 

- - molecular disease 19, 
21, 299, 300 

- - prenatal diagnosis 
726 

- - Senegalese type of 
241 

- - testing for 725 

- care screening 726 

- disorders 309, 310 

- gene 289, 521, 522, 525, 
526, 528, 530, 570 

- - frequency of 525, 526 

- hemoglobin 414, 521 

- myoglobin 414 

- heterozygotes 290, 545 

- testing in African-Ameri- 
cans 734 

- trait 299, 300, 305, 310, 
524, 726 

- - carriers of 310 

- - incidence of 524 
signal transduction 

- mitogenic 433 

- olfactory 651 
silkworm 196 
silver staining 31, 32 

- of nucleolus organizer re- 
gions 31 

similarity diagnosis, poly- 
symptomatic 235 
SINE (short interspersed re- 
peat sequences) 84, 117, 
123 

single-hit events 460 
sister 

- chromatids 16, 191 

- - in mitosis 16 

- - premature sister-chro- 
matid separation 67 

- - sister chromatid ex- 
change (SCE) 432 

- - - exchange (SCE) 29, 
30, 432 

- strand exchange 54 

- - double 60 
skeleton /skeletal 

- anomalies 216 

- defects 719 



- method 464 

- mutations, radiation-in- 
duced 216 

skin 

- cancer /tumors 133 

- - incidence of 290 

- pigmentation 201, 612, 

613 

slippage 189 
slipping 416 

- between two structure 
homologous repeats 416 

- slipperage misp airing 
model 416 

Sly, VII mucopolysacchari- 
dosis 273 

smallpox 170, 520, 538, 545, 
610 

- ABO blood group and 
smallpox 540 

- association studies 540 

- pustules 170, 520 

- viruses 544 
smoking (see also cigarette 

smoking) 227, 247, 452, 
743 

social /socially 

- adaptation, failure of 
490 

- anthropologists 666 

- aspects 729 

- behavior, socially devi- 
ant 656 

- Darwinism 606 

- environmentalism of the 
social sciences 606 

- medical and social signif- 
icance 489 

- organization, sophistica- 
ted 604 

- psychological and social 
aspects of adoption 646 

- psychology 647 

- science 667 

- skills 583 

- stratification 605 

- structure 605 

- workers 711 
sociobiology 7, 19, 518, 605, 

606 

- concepts 606 

- sociobiological theory 
606 

sociologists 666 
sociology of science 105, 
401, 610 

sociopathies 17 
SODj (superoxide dismu- 
tase) 374, 375 
sodium absorption, genes 
facilitating 616 
soles, keratomas of 216 
somatic 



- cell 

- - deterioration 453 

- - genetics 7, 20, 163, 401 

- - pairing 118 

- - rearrangements 330 

- - sex differentiation 376 

- chromosome mutations 
after exposure to radia- 
tion 476 

- gene therapy 4, 21, 285, 
292, 368, 735, 737, 738, 740, 
747 

- mosaics 409, 411 

- mutation(s) 147, 229, 

329, 331, 333, 343, 353, 385, 
398, 424, 431 ff-, 438, 454, 
775 

- - additional 446 

- - aging 452 

- - carcinogenesis 439 ff. 

- - hypothesis 333 

- - hypothesis of cancer 
439 

- - malignant neoplasias 
438 

- - test systems 464 

- - theory 454 

- - - of cancer 477 

- - tumor formation 434 
somatotropin 362 
South-American Indian 

group 604 

Southeastern Asia 530, 532 

- Hby^E 532 

- population history 530 
Southern blotting 7, 90, 

100, 101, 124, 324, 502 

- techniques 324 
-ofYACDNA 175 
Soviet Union 19 
space-form blindness 662 
spatial 

- ability and a waves 
676 

- nonspatial reference 
memory 630 

- relationship among ob- 
jects 647 

- working memory 630 
speciation 584, 601 

- genetic mechanisms 

584 

specific-locus test, biochem- 
ical 464 

spectroscopic studies of red 
pigments 653 
sperm 

- azoospermia factor (AZF) 
area 378 

- banks 734 

- DNA modification 737 

- human, chromosome stu- 
dies 78 



- mature sperm, produc- 
tion of 378 

spermatogenesis / spermato- 
gonia / spermatogonium 
79, 174, 378, 379, 403-405 

- AD (dark) spermatogo- 
nia 403-405 

- Ap (pale) spermatogo- 
nia 403 

- arrest of 378 

- B spermatogonia 403 

- cell divisions during 

404, 405 

- defects on 174 

- genetic control 378 

- immature 378 

- nondisjunction during 
79 

- tetraploid 51 
spherocytes / spherocyto- 
sis 349 

- hereditary 244, 264, 349, 
716 

sphingolipid ceramide 
278 

sphingolipidoses 272 
sphingomyelin lipidosis 
576 

spider fingers and toes 
262, 351 

spina bifida 617 
spinobulbar muscular atro- 
phy (SBMA) 418, 420 
spinocerebellar ataxia 
(SCAi) 143, 225, 418, 

420 

- type I 418 
splenectomy 309 
splenomegaly 264, 266, 

309 

- slight to moderate 264 
splicing 84, 195, 305, 362- 

364 

- alternative 84, 362, 363, 
6oi 

- cryptic splice sites 316 

- of exons 316 

- mechanisms 362 

- mRNA splice junctions 
414 

- pre-mRNA splicing 362, 

364 

- process 280 

- variants 364 

split hand and/or foot, ty- 
pical 480 

spondylitis, ankylosing 
223 

spongiosa, status spongio- 
sus 352 
sporadic 

- cases 154, 386, 394, 756 

- - admixture of 756 
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sporadic 

- cases 

- - proportion of 394 

- translocation 67 
sports 385 
Sprintzen snydrome 68 
sprue (gluten-sensitive en- 
teropathy) 223 

squinting 702 
SRY (sex reversal gene) 

174> 376 

- role of 376 

starch gel electrophoresis 
497 

statistical 

- evaluations 159 

- methods 129, 153, 210 

- - multivariate statistics 
158 

- - sophisticated 210 

- theory, purely descrip- 
tive 208 

stature 130, 207, 611 

- evidence from 238 

- increase in 238 
status spongiosus 352 
stem cells, embryonic 368 
sterile men 378 
sterilization 8, 18, 22, 716 

- laws 8, 18 

- legally mandated 22 
steroid hormon(s) 148, 

379, 380 

- and cholic acid 148 

- metabolism 379 
Stickler syndrome 351 
sticky ends 90 
stillbirth(s) 139, 289, 472, 

473, 490 

- male 139 

- rate 232 
stochastic 

- effects 477 

- models 508, 571 
stone tools 604 
strabismus 217, 218 
strain(s) 

- inbred 626 

- - animals of 670 

- strain-specific learning 
ability 628 

streptococcal antigens 543 
stress 

- diathesis-stress hypoth- 
esis 699 

striatal necrosis, infantile 
bilateral 147 
stroke 244 
structure / structural 

- anomalies 

- - of autosomes 52 

- - unbalanced 467, 469, 
481 



- and function, genetic de- 
termination 353 

- rearrangements 67, 446 

- three-dimensional 301 
studies (see also hypothesis) 

- adoption 646, 677 

- - in schizophrenia 699 

- - on depressive disor- 
ders 695 

- DNA marker (see also 
there) 729 

- EEG studies 681 

- - on eight XYY men 
665 

- family studies of affective 
disorders 693 

- linkage studies 670, 695 

- - association and linkage 
studies 683 

- - in schizophrenia 697 

- on adopted and foster 
children 633, 645 

- on MZ pairs reared 
apart 644 

- prospective studies on 
high-risk children 702 

- spectroscopic studies of 
red pigments 653 

- twin studies (see also be- 
low) 637, 730 

stunted growth 374 
subnormality 

- mental subnormality 
663 

- - incidence of 633 
substance abuse, non-alco- 
hol 681 

substitution therapy 293, 
297 

subunit(s) 

- abnormal 346 

- - aggregations 346 

- interleukin receptor subu- 
nit 175 

- NADH subunit 4, gene 
for 147 

success in schools 640 
succinylcholine administra- 
tion, prolonged apena 
after 293 

sucdnyldicholine 335 
sulfamethazine 336 
sulfanilamide 267 
sulfonate 

- methyl-methane sulfonate 
(MMS) 484 

sunlight, exposure 343, 437 
superior achievement 638 
supermale 662 
superoxide dismutase-i (see 
SOD,) 374, 375 
support groups 665 
susceptibility 



- individual differences in 
alcohol susceptibility 

677 

- of the brain to alcohol 
628 

suxamethonium 

- apnea caused by 335 

- suxamethonium- sensitive 
propsiti 337 

SV 40 and polyoma virus 

89, 424 

synapses / synaptic 

- adrenergic 681, 682 

- - norepinephrine in 
683 

- cholinergic 681 

- connections, development 
of 702 

syndrome(s) -names only- 

- Alagille 67, 68 

- Alzheimer diseases (see 
also there) 147, 228, 249, 
660 

- Angelman 67^ 68, 143, 

365, 366 

- Apert's 394, 396-399, 
405, 406, 480 

- Beckwith-Wiedemann 
67, 68, 366, 448, 450 

- Bloch-Sulzberger 139, 

399 

- Bloom (see also there) 5, 
290, 343, 425, 426, 432, 

433, 437, 438, 454, 577 

- Canavan disease 577 

- Creutzfeld-Jakob disease 

351 

- Crouzon syndrome 480 

- Down (see below) 17, 21, 
25, 26, 44 ff., 49, 52, 60-63, 
79, 371, 374, 375, 387, 388, 
396, 397, 589, 716, 718, 722, 
725, 730, 743 

- Ehlers-Danlos 134, 350, 

351 

- Ellis-van-Crefeld 576 

- Fabry diseases 263 

- Gardner 716 

- Gaucher disease 278, 
279, 294, 505, 576, 577, 579, 
739 

- di George 67, 68, 366 

- Gerstmann-Straussler dis- 
ease 352 

- von Gierke disease 260, 
262 

- Gilles de la Tourette syn- 
drome 659 

- Goldenhar 369 

- Gorlin-Psaume syn- 
drome 480 

- Greig 369 

- Hartnup disease 567 



- von Hippel-Lindau dis- 
ease 723 

- Holt-Oram syndrome 
480 

- Huntington disease /H wm- 
tington chorea (see 
there) 106, 111, 114, 124, 
132-134, 142-144, 165, 257, 
366, 397, 418-422, 426, 

478, 480, 490, 635, 671, 
701, 723, 776, 777 

- Hurler disease 273, 275, 
276, 278 

- Kennedy disease 418, 
419, 421, 635 

- Klinefelter (see also be- 
low) 25, 27, 28, 69, 70, 
140, 390, 392, 490, 660, 
663, 701, 743 

- Langer-Giedion 67, 68 

- Leigh 149 

- Lesch-Nyhan 263, 283, 
284, 402, 407, 408, 424, 
671, 737, 739 

- Li-Fraumeni syndrome 
448, 450 

- Marfan 262, 350, 351, 
396, 397, 399, 406, 723 

- Martin-Bell syndrome 

634, 635 

- McLeod 67 

- Miller-Dieker 67^ 68, 366 

- Niemann-Pick disease 

576, 577, 671, 672 

- Parkinson 147, 700 

- Pompe disease 262 

- Prader-Willi 67^ 68, 143, 

365, 366 

- von Recklinghausen dis- 
ease 7T>y 

- Reiter disease 223 

- Rett syndrome 636 

- Robert's 67 

- Sandhoff disease 276, 
280, 671 

- Sanfilippo disease 273- 
276 

- Scheie disease 276, 278 

- Sprintzen 68 

- Stickler 351 

- Tay-Sachs disease (see 
also there) 290, 505, 576, 

577, 579, 715, 725, 730, 734, 
737 

- Treacher-Collins syn- 
drome 480 

- Turner (see also there) 

25, 27, 28, 70, 71, 374, 393, 
661, 673, 676 

- Waardenburg 369, 723 

- Werner 453, 576 

- Wilson disease 290, 700, 
716 
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- Wolman disease 672 
synteny 173 
syphilis 520, 521, 538 

- and blood group o 538 

T 

T bands 31, 588 
T cell 

- dysfunction 285 

- in HIV infections 225 

- hybridoma cell line 103 

- leukemias 441 

- maturation 334 

- receptors 113, 176, 177, 
285, 325-327, 333, 334, 362, 
442, 544 

T helper cells 326, 333 
T killer cells 326 
T locus of the mouse 
140 

T lymphocytes (see T cell) 
T4 rll mutants, bacteriopha- 
ges 423 

Taq polymerase 100 
taste-cell specific G pro- 
tein 656 
tasting 656 
TATA 103 

- box 314, 361 

- sequence 103 
tautomeric shift 415 
Tay-Sachs disease 290, 505, 

576, 577, 579, 715, 725, 730, 
734, 737 

- in Ashkenazi Jews 734 

- carrier state 725 

- (272800) mutation 576 
TDF (testis-determing fac- 
tor) 174 

tDNA map 146 
technological imperative 
730 

technology, X-ray technolo- 
gy 471 

- improvement in 470 
telangiectasia 

- ataxia (AT) 433 

- hemorrhagic 133 
telomeres /telomeric 85, 

170, 183 

- DNA 85 

- structure of 85 
temperament(s) 642, 648 
teratocarcinoma(s) 367, 

368 

- derived-cells 368 

- mouse 367, 368 

- ovarian 368 

- testicular 368 
teratogenic agents 368, 380 

- suspectibility of the fetus 
to 368 

teratology, human 368 



test(s)/ testing 

- Ames test 485, 486 

- biochemical specific-lo- 
cus test 464 

- BPP test (test for cogni- 
tive abilities) 663, 665 

- 7" test 155 

- for cholesterol LDL 251 

- computer programs for 
testing linkage and esti- 
mating map distances 
168 

- culture-free tests 707 

- DNA 713, 715 

- Guthrie test 288 

- heterogeneity 785 

- HIV testing 105 

- intelligence test /testing 
631, 633, 639, 640, 641 

- - in families and twins 
640 

- - unease over 639 

- IQ and personality tests 
290, 631, 633, 639, 640, 
641, 648, 710 

- lymphocytotoxicity test 
180-182 

- mammalian test systems 

487 

- microlymphocyte toxicity 
test 180 

- multiple loci test 466 

- mutagenicity testing (see 
alos below) 464, 485 

- paternity testing 489 

- phenylthiourea, testing 
of 228 

- psychological 631, 665 

- road map test 662 

- situation 648 

- systems 

- - somatic mutations 
464 

- - vivo, mutagenic 
agents 462 

testicle / testicular 

- embryonic 377 

- feminization, testicular 

376, 379, 380, 672, 673, 

683 

- - complete 380 

- labia majora 379 

- teratocarcinoma 368 

- tumors 379 
testosterone 377-380, 630, 

672 

- in cells of the urogenital 
sinus 379 

- dihydrotestosterone 347, 

377, 380 

- sensitivity to 378 
tetanus antigens 543 
tetrad analysis 153 



tetraploid/tetraploidies mo- 
les 49 
Thailand 533 
thalamus 674 
thalassemia(s) 136, 142, 

153, 195, 241, 301, 311, 313, 
317-325, 406, 418, 505, 521- 
523, 526-530, 599, 600, 

722, 730, 746 

- alleles 528 

- a-thalassemia gene 142, 
241, 313, 320, 526, 527 

- - thalassemia and 
malaria in Melanesia 533 

- - heterozygous 319 

- - nondeletion forms 
322 

- ^^-thalassemia 153, 195, 
313, 317-321, 325, 413, 526- 
528, 532, 600, 726, 744 

- - ^^-thalassemia major 
(Cooley anemia) 528 

- - /^^-thalassemia 320 

- - y^°-thalassemia 314, 

316 

- - frequent 318 
genes 532 

- - heterozygous 319 

- - major 726, 730 

- - mutations 321, 323, 

324 

- - severity of 325 

- child’s thalassemia 406 

- £-y-(5-/3-thalassemia 318 

- etiology of 313 

- y-(3-y5-thalassemia 418 

- frequencies 531 

- Hba nondelation 321 

- Hhdj 3 thalassemia 310 

- HbE + thalassemia genes, 
interactions 528, 531 

- major 136, 345 

- and mental retardation 
322 

- mutations 317 
thalidomide 459 
thanatophoric dwarfism 

398, 406, 480 
theory /theories 

- blackbox 209 

- of diseases 240, 244 

- genetic theory 5 

- phenomenological theor- 
ies 208 

- sociobiological theory 
606 

- somatic mutation theo- 
ry 454 

- - of cancer 477 

- statistical theory, purely 
descriptive 208 

- target theory 459 

- theory of evolution 208 



thinking, abstract 623, 649 
threshold 

- characters 371 

- effect 198, 210, 211 
thrifty genotype concept 

616 

thrombocytosis 309 
thrombogenesis 249 
thrombosis 262, 346 

- arterial and venous 262 

- coronary heart disease, 
thrombotic 249 

thymidine kinase (TK) 

- gene 739 

- locus 171 
thymine 99 

- dimers 437 
thyroglobulin 114 
thyroid diseases 393 

- antithyroid antibodies 
393 

- cancer in children, thyr- 
oid 474 

- Hashimoto thyroiditis 393 

- hypothyroidism, due to 
lack of inorganic iodide 
271 

- medullatory thyroid car- 
cinoma 716 

Tiselius zone electrophor- 
esis 299, 301 

tissue culture methods 171 
tobacco mouse 374, 375 
toes, spider fingers and 
toes 262 
tomboyism 673 
tone 

- deafness 656 

- feeling 632, 642, 668, 

681 

tongue, protruding 366 
tonic arousal 675, 681 
tool making /toolmaker 
man 583, 604 
“top-down” 667 
torsion dystonia, idio- 
pathic 577 
toxic agents 341 

- drug toxicity 339 

- intoxication 199 

- lymphocytotoxicity test 
180-182 

- potentially 341 
Tradescantia 460 
traits, quantitative 632 
trans phase (or repulsion 

phase) 122, 164, 166 
transcription / transcription- 
al 1, 87, 88, 90, 91, 304, 
313, 317, 362, 423 

- factors 362 

- fine-tuning 423 

- mutations 316 
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transcription / transcription- 
al 

- possible gene tran- 
scripts 107 

- posttranscriptional level 
362 

- or promoter mutations 

313 

- reverse transcription 101 

- trans acting transcrip- 
tional regulators 306 

transduction 735 

- signal transduction 
mitogenic 433 

- - olfactory 651 
transempirical concepts 

208 

transferase deficiency 505 
transferrin / transferred 
genes 265, 498 
transformation 443, 444, 
735 

- biotransformation (see 
there) 

- cellular 443 

- malignant, probability 
for 451 

- transforming genes at 
translocation junctions 
449 

transfusion 

- accidents 178 

- syndromes 233 

- - of MZ twins 642 
transgene / transgenic 

- animals 361, 367, 375, 

376, 380 

- - mice 365, 367 

- expression 366 

- methylation of 366 
transition(s) 413, 414, 

426, 461, 485, 532, 569> 

599> 654 

- G - A transition 147, 569 
translation 1, 88, 90 

- of hemoglobin genes 317 

- nick translation 93 
translocation 61 ff., 75, 115, 

333> 378, 440, 460, 490, 753 

- 14/21 61 

- 21/21 61 

- balanced 469 

- carriers, “balanced” 63, 
66, 76 

- chromosome 76 

- groups of 75 

- junctions, transforming 
genes 449 

- mosaicism, variegated 
453- offspring with 469 

- prenatal selection 64, 66 

- reciprocal 47, 52, 58, 61, 
63, 66, 397, 466, 476 



- Robertsonian (see also be- 
low) 60, 63, 65, 66, 374, 
397, 466 

- segregation (see also be- 
low) 64, 65 

- single, specific 387 

- sporadic 67 

- symmetric 477 

- translocation carrier, ba- 
lanced 56 

- types of 387 

- unbalanced 702, 753 

- - Robertsonian 387 

- X-autosomal transloca- 
tions 67, 68 

- XY translocation 174 

- various 95 
transmission 

- gene transmission, rules 
of 118 

- male-to-male-transmis- 
sion 140 

- mechanisms of 209 

- oligogenic 702 
transplantations 182 

- kidney/ renal 185, 716 

- - allotransplant 185 

- organ 737 

- pronuclear 365 
transposons 114, 424 
transstilbene oxide 343 
transthyretin 349 
transversion(s) 413, 414, 

461, 532, 599 

Treacher-Collins syndrome 
480 
tree 

- construction 599 

- evolutionary 596, 603 

- phylogenetic tree /his- 
tory 584, 589, 593, 594, 
602 

treponemal diseases 538 

- treponema pallidum 538 
trichomatic 

- color vision 652 

- defects 652 
tricyclic antidepressants 

683 

triglyceride 

- and cholesterol 345 

- familial hypertriglyceri- 
demia 247 

- triglyceride levels 249 
triple X syndrome 662 
triplet repeat, unstable 422 
triploid(y) / triploidies 48, 

49, 76, 78, 375, 376 

- cellular, phenotype of 
375 

- human 365 

- phenotypes in humans 

365 



trisomy / trisomies / triso- 
mic 17, 27, 28, 44, 47-49, 
52, 61, 66, 77-79, 374-376, 
385-390, 397, 481, 589 
- age-specific rates 389 



- 


autosomal 


47, 387, 


- 


1 

\+ 
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391 
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1 

14- 
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391 
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391 
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5 


391 
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l-h 
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391 
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391 
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391 
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391 
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391 
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391 
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391 
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13 


387, 391 
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- 47± 


14 


391 
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-hi 
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15 


391 
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-hi 
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16 


391 


- 


-hi 
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17 


391 
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-hi 
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18 


387, 391 
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-hi 
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19 


391 
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1 

4s^ 

l-h 


20 


391 
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-hi 

1 


21 


387 
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-hi 

1 


22 


391 


- 


- primary 


78 



- children, frequencies of 
trisomic children 389 

- clinical signs 374 

- consequence of a tris- 
omy 374 

- frequency 79 

- germ cells, trisomic 392 

- mouse 374 

- mutation rates 44 

- nondisjunction in tris- 
omy 485 

- partial 66 

- syndromes 374 

- tertiary 66 

- trisomy 1 78, 79 

- trisomy 7 375 

- - cell strain with 375 

- trisomy 8 48 

- trisomy 9 48 

- trisomy 10, partial 61 

- trisomy 13 28, 387, 389, 

390, 666 

- - maternal age effect 
390 

- trisomy 14 375 

- - cell strain with 375 

- trisomy 16 78, 79, 390 

- trisomy 18 28, 48, 49, 

387, 389, 390, 474, 666 

- - main clinical findings 
49 

- - maternal age effect 
390 

- trisomy 21 (see also Down 
syndrome) 17, 27, 52, 78, 



79, 170, 350, 372, 374, 375, 
389, 397, 589, 474, 476, 
666, 722, 725 

- - in chimpanzees 589 

- - growth parameters 
375 

- - higher susceptibility 
of 375 

- - neuropathology in 
350 

- - reciprocal 52 

- - risk for 725 

- trisomy 22 48, 78 

- trisomy D 78 
tritan defects 653 
trizygotic triplets 229 
tRNA 364 

tropical diseases 520, 538 
tropomyosin a-gene 362 
truncate selection, (com- 
plete) 157, 408 
trypaflavine 484 
trypanosoma 544 
trypsinogen 596 
tryptophan 88 

- synthetase A locus of E. 
coli 423 

tryptophan synthetase 263 
tuberculosis 225, 234-237, 
241, 335, 350, 520, 521, 538, 
578 

- mycobacterium tubercu- 
losis 241 

- treatment 335 
tuberous sclerosis 396- 

399, 406, 407, 743 
tumor(s) (see also cancer) 

- adolescent 474 

- of the bladder 337, 343 

- of the brain 199 

- of the breast 217, 290 

- bronchial carcinoma 
343 

- childhood 474 

- colorectal tumors, forma- 
tion of 450 

- dominantly inherited tu- 
mor diseases 352, 353 

- - mechanisms of 352, 
353 

- of the esophagus 216, 

217 

- fetal, various 719 

- formation 270 

- genetic syndromes asso- 
ciated with tumors 450 

- glomus tumor, familial 
366 

- of the lung 343 

- malignant (see below) 

95, 353, 453 

- monoclonal origin of 
439 
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- multiple nodular 134 

- of organs 222 

- progression 444 

- of the skin 133, 201, 290 

- of the stomach, blood 
group A and 219 

- suppressor 

- - genes 352, 445> 447, 
449, 450, 452, 454, 474, 

738 

- - - inactivation 451 

- - p53 protein 448 

- of the testicle 379 

- thyroid carcinoma, me- 
dullatory 716 

- tissues from retinoblasto- 
ma 447 

- virus-induced 223 

- Wilm's tumor 67, 68, 143, 
448, 451, 480 

tumorigenesis, new me- 
chanism 450 

Turner's syndrome (see also 
XO) 25, 27, 28, 70, 71, 
374, 393, 661, 673, 676 

- clinical findings 70 

- intelligence defect in 
661 

- patients 74 

- space perception defect in 
the 667 

- Turner cases, XO 667 

twin(s)/ twinning 

- affective illness / disor- 
ders 694, 695 

- biology of twinning 229 

- births 231 

- - clustering in families 
231 

- - decrease in twin 
births 231 

- - frequency of multiple 
birth 231 

- - maternal age and birth 
order 231 

- co-twin control method 
240 

- concordance 

- - higher concordance be- 
tween twins 650 

- - rates of MZ and DZ 
twins for criminality 

657 

- congenital malforma- 
tions 233 

- coronary heart disease, 
twin studies 246, 248 

- data 160, 207, 228, 340, 
695 

- - heritability estimates 
from twin data 769 

- development of 638 

- differences 



- - in concordance be- 
tween MZ and DZ twins 

25, 235, 756 

- - in IQ points between 
MZ and DZ twins 641 

- dizygotic (see also DZ) 
228-231, 245, 251, 617, 632, 
640, 761 

- - DZ and MZ twins 
674 

- frequency of 230, 231 

- heritability calculations in 
MZ and DZ twins 643 

- hostility 234 

- identical 225, 244 

- - concordance for 225 

- - reared apart 244 

- infectious disease, twin 
concordances in 237 

- intelligence tests in famil- 
ies and twins 640 

- intraclass correlations in 
MZ and DZ twins 643 

- method 624, 632, 684 

- - family method 239 

- - limitations of 232 

- monochorionic pairs 

233 

- monozygotic (see also 
MZ) 25, 209, 217, 228- 
235, 238, 240, 251, 632, 633, 
638, 640, 761, 763 

- multifactorial diseases, 
twin results 237 

- nature-nurture concept, 
twin method 228 

- in other common disea- 
ses 237 

- performance on IQ test 
642 

- pregnancies 642 

- - peculiarities of 647 

- quadrozygotic quadru- 
plets 229 

- research 17, 159 

- Siamese twins 230 

- situation 633, 642 

- - in postnatal life 234 

- studies 228 ff., 544, 637, 
730 

- - criticism of 645 

- - in schizophrenia 697 

- - longitudinal study of 
twins 648 

- - of affective disorders 

693 

- - on alcohol abuse or al- 
coholism 678 

- - pharmacogenetics 

451 

- systematic differences be- 
tween twins and non- 
twins 232 



- trizygotic triplets 229 

- tuberculosis 544 

- twin pairs with two fa- 
thers 229 

typhoid 

- HLA associations with 
543 

- vaccine 226 

tyrosine / tyrosinemia / tyro- 
sinosis 505, 576, 579 

- deficiency 286 

- hydroxylase 630, 697 

- and phenylalanine, meta- 
bolic pathways 285 

- tyrosine-specific protein 
kinase 443 

U 

UDP 266 

ultracentrifugation, analyti- 
cal 85 

ultrasonography 718, 719, 
722, 730 

ultraviolet light 134, 612, 

613 

unbalanced 

- structural anomalies 
469 

- translocation 702 
UNC 8 6 -protein genes 

369 

uncle-niece unions 568 
uncoiler 

- locus (Un-i) 170 

- phenomenon 32 
unequal crossover 653 
uniformity, law of 14 
unipolar depression 693, 

694 

united nations committee on 
effects of atomic radiation 
(UNSCEAR) 478, 481 
UNSCEAR (united nations 
committee on effects of 
atomic radiation) 478, 
481 

“untoward pregnancy out- 
come” 473, 568 
uracil 

- 5-bromuracil 483 

- pyrimidine base 280 
urea cycle 

- disorders 739 

- enzyme defects in the 
668 

urethane 483 
urinary tract (see also kid- 
neys) 222 

- malformation of 222 
uterine 

- intrauterine diagnosis 
290 

- leiomyomata 270 



UV-induced mutation 
259 

V 

V (variable) 

- genes, mechanism for in- 
sertion for 332 

- regions 329, 332 

- - amino-terminal 329 
validity 631 

valine 279 

- codon 414 
variability 

- age of onset, variability 
142 

- behavioral 626 

- decay of 573 

- of the EEG 702 

- DNA level, genetic varia- 
bility 114 

- of erythrocyte enzymes 
623 

- genetic (see also there) 
195, 201, 542, 549, 624 

- of hormones 669 

- normal variability of in- 
telligence 640 

- of repeat length, normal 
population 419 

- V genes 328 
variegated translocation 

mosaicism 453 
vicia faba (broad beans) 

267 

virus(es) 119, 424 

- adenoviruses 447 

- cellular RNA viruses 
116 

- DNA protein-defective 
virus conjugates 738 

- Epstein-Barr virus 374, 
441 

- etiology 439 

- HIV virus 105, 544, 545 

- infection 327 

- leukemogenic 45 

- measles virus 170 

- parainfluenza 171 

- retroviruses (see also 
there) 116, 442 

- RNA viruses 442 

- Sendai virus 171 

- smallpox 544 

- SV40 virus 89 
visual perception 650 
vitamin 

- precursors of coenzymes 
(vitamin) 281, 296 

- provitamin D 612 

- vitamin (pyridoxine) 
282 

- vitamin (cobalamin) 
281 
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vitamin 

- vitamin 

- - selective malabsorp- 
tion 579 

- vitamin C (i-ascorbic 
acid) 296 

- vitamin D 612, 613, 616 

- - deficiency 616 

- - dependent rickets (with 
hyperaminoaciduria) 

567, 576 

- - formation 613 

- - and GC Serum 
groups 616 

- - resistant rickets 138, 
139, i55> 270 

- X-linked 270 
vivo 

- ex vivo (see there) 

- in vivo (see there) 

- in vivo test systems 

- - mutagenic agents 
462 

VNTRs (variable-number 
tandem repeats) 168 

- markers 763 

- minisatellites 502 
volitional control 649 
v-onc genes 442 
vWF gene 114 

W 

WAGR syndrome 67, 68, 
448, 450 

- (deli5p) 397 
Waardenburg syndrome 

369, 723 

water maze 630 
Watson-Crick model 
402 

- DNA 733 
Wechsler intelligence 

scales 661 

Werner syndrome 453, 

576 

white-eyed, X-linked muta- 
tion 625 
whites 612 

- IQ-differences between 
African-Americans and 
whites 709 

WHO (world health organi- 
zation) 269 
Wilms tumor 67, 68, 
448,.45h 480 

Wilson disease 290, 700, 
716 

Wolffian duct 376 
Wolman disease 672 
working memory, spatial 
630 

world health organization 
(WHO) 269 



X 

- delayed cellular matura- 
tion in 667 

- karyotype, 45, XO 700 
X-autosomal 

- aneuploidies 69 

- difference between X- 
chromosomal and X auto- 
somal aneuploidies 71 

- translocations 67, 68, 75, 

76, 387 

- - unbalanced 75 

X chromatin 27, 69, 72, 76 

- nature of 72 

X chromosomes /X chromo- 
somal 45, 70, 72, 85, 114, 
138, 155, 160, 177, 376-378, 
390, 39b 393, 419, 589, 

592 

- aberrations of the 660 

- aneuploidy 71, 393, 490, 

589 

- expanded 419 

- gene loci on human 

177 

- genes with related func- 
tions on 187 

- human 188 

- - homologies between 
human X and X chromo- 
somes 378 

- inactivated 85 

- - skewed 654 

- location 155 

- loss of the X chromo- 
somes 469 

- random inactivation 
138, 439 

- X monosomies 481 

X dosage compensation 75 
X heterochromatic X/het- 
erochromatization of the 
X 72 

X inactivation 71, 72, 75, 
222, 284, 364, 592 

- and abnormal X chromo- 
somes 75 

- evidence for 284 

- in females 233 

- principle of 222 

- theoretical concepts 71 
X isochromosomes 393 

- - white-eyed 625 

Xg 

- blood group 390, 400 

- locus 75 

- polymorphism 498 

- system 74 
X-linked 

- agammaglobulinemia 74 

- androgen receptor 

- - defect 379 

- - gene 673 



- behavioral disturbance 
636 

- carrier diagnosis in 715 

- chondrodysplasia puncta- 
ta 140 

- chronic granulomatous 
disease 67 

- conditions 138 

- defects 400 

- disorders, risk for 722 

- DNA markers 658 

- dominant 

- - with lethality of the 
male hemizygotes 399 

- - mode of inheritance 
138, 140, 155 

- - pedigree 155 

- dystrophin gene 158, 713 

- genes 638, 713 

- - involvement of 634 

- - linkage of gene loci 

173 

- - recognizing 188 

- HPRT deficiencies 282, 
736 

- HPRT gene 364 

- hypogammaglobuline- 
mia 284 

- hypoxanthine phosphori- 
bosyl transferase defi- 
ciency in gout 245 

- inheritance 173 

- - recessive 200 

- lethals 472 

- marker studies 390 

- mental retardation 
(XLMR) 138, 216, 426, 

633, 634, 715 

- - fragile 715 

- - recessive 672 

- modes of inheritance (see 
also modes of inheri- 
tance) 137, 140, 160, 

268 

- mutation 658 

- - mutation scurfy 69 

- - white-eyed 625 

- ocular albinism 73 

- recessive 

- - hemophilia A 138 

- - new mutations 472 

- traits, common 137 

- vitamin D resistant rick- 
ets 270 

X monosomy 374 

X syndrome, fragile 409, 
419, 420, 722 

XO (see also Turner syn- 
drome) 27, 28, 69 ff., 

374 

- animals 466 

- females, phenotype of 
73, 490 



- karyotype 27, 28, 72, 

393 

- newborns 78 

- patients 390 

- Turner cases 667 

- type 69, 78, 393 

- - in the mouse 69 

- zygotes 71 

Xp 

- pseudoautosomal region 
of 173 

- deletion in Xpii 111 
X-rays 

- diagnostic and therapeu- 
tic X-ray use 462 

- exposure 470 

- mutation induction by 
458 

- technology 471 

- - improvement in 470 

- treatment 259 
XX males 376 

- 4,6,XX males 72 
XX women 374 
XX/XY state 72 

XXX 49, 69, 73, 387, 389, 
660, 701 

- condition 490 

- drosophila 70 

- karyotype 662, 665 

- women 392 
XXXX 660 
XXXXX 660 
XXXXY 390, 660 
XXXY 390, 660 

XXY 27, 28, 49, 69, 73, 387, 
389, 392, 490, 660, 661, 
662, 664, 701 

- combination, XXY and 
XXX, 391 

- karyotype 27, 28, 393, 
665, 700 

- men 662-665 

- - crime rate of 663 

- - EEG studies on 665 

- patients, frontal cerebral 
cortex in 667 

- status of Klinefelter's syn- 
drome 69, 74, 390, 392, 
490, 660-664, 701 

- story 666 

- syndrome 660, 662 ff. 

- types 466 

- - type in mouse 69 

- variants 661 
XXYY 660, 662 
XY 

- females 376 

- karyotypes 411 

- translocation 174 
XYY 49 

- karotypes 700, 708 

- zygotes 72 






Subject Index 851 



Xavantes 604, 609 
xenopus pattern 116 
xeroderma pigmentosum 
134, 135> 290, 343, 434, 451, 
579 

- neoplasias in patients 
with 436 

- xeroderma pigmentosum- 
like diseases, enzyme de- 
fects 435 

chromosome / chromoso- 
mal 36, 140, 173, 376- 
378, 576 

- genes on 140 

- human 377 

- inverted 576 



- mode of inheritance 

155 

- regions of 378 

- ring 378 

YACs (yeast artificial chro- 
mosomes) 90, 92, 99, 
173-175> 728 

- abbreviated 90 

- clone 99, 173, 174 

- - conting of YAC clones 

173 

- map 175 

Yang-jiang province 475 
Yanomama 604, 609, 610 
yeast 259, 727 

- artificial chromosomes 
{see YACs) 90, 92, 99, 
173-175, 728 

yellow mouse 140 



YO 69 

Yp, pseudoautosomal region 
of 173 

Z 

zea mays 117 
zeta (§) 

^-Hb 303 
ZFY gene 376 
zinc finger 

- genes 445 

- protein 376 

zone electrophoresis 299, 
300 

- diagram 300 

- Tiselius zone electrophor- 
esis 299, 301 

zonular cataracts 170 
zygosity 228-232, 761 ff. 



- diagnosis 228, 229, 235, 
761 ff. 

- - example of 761 

- - reliable method for 
229 

- homozygosity (see also 
there) 

zygotes 

- death of 386 

- defective, early elimina- 
tion of 77 

- loss, due to parental con- 
sanguinity 565 

- postimplanation, zygote 
loss 462 

- unbalanced, explanations 
for 65 

- XO zygotes 71 

- XYY zygotes 72 



